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Abstract 
!
!
Ceramic hardness and plasticity have been highlighted as important characteristics 
in ballistic performance; both of which can be measured and semi-quantified from 
indentation experiments, respectively. However, relatively little work has 
investigated the accompanying type, on-set and evolution of indentation-induced 
damage that may also be contributing an influential role. Pressureless sintered SiC 
and spark plasma sintered B4C, SiC-AlN-C and range of SiC-B4C composite 
samples were investigated and their indentation damage characterised by cross-
sectioning and serial ceramographic polishing techniques. Observations were 
compared with their surface and sub-surface sphere impact-induced damage and 
used to correlate with, and explain differences in, ballistic performance against an 
armour-piercing projectile.  
 
The results conclude that 19.62 N Knoop hardness and predicted transition 
velocities correlate with V50 ballistic performance, supporting the importance of high 
ceramic hardness and the propensity to sustain projectile dwell in ballistic 
performance. The type and evolution of indentation-induced damage appears less 
significant, although variability in indentation behaviour does appear to correlate to 
variability in ballistic performance. Despite the shallow indentation damage depth 
and high crack propagation resistance of SiC-AlN-C, the early on-set of 
concentrated damage beneath indentations (and impact craters) resulting in a 
decrease in hardness, appears to be the dominate factor governing the low ballistic 
performance of this material. In contrast, the high hardness, plasticity and apparent 
residual strength of the sub-surface indentation damage zone of SiC-B4C 
composites appears to offer the greatest ballistic performance potential.  
 
This work provides further evidence to support the use of indentation as a possible 
screening method to rank the ballistic performance potential of candidate armour 
ceramics.  
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1 Introduction 
1.1 Context)of)research))
Ceramic armour is used to provide ballistic protection for both personnel and 
vehicles against penetrating threats (figure 1-1).  
Figure 1-1 (a) A British solider displaying the ceramic body armour that saved his life whilst on patrol in 
Afghanistan (BBC 2009) (reproduced with permission from Wales News Service) and (b) a ceramic-
armoured Challenger 2 tank (Defence Imagery 2003) (© Crown copyright reproduced under the OGL). 
The first recorded use of ceramics for armour applications was in 1918 by Major 
Neville Monroe-Hopkins who noted that a thin layer (1/16”) of enamel on steel plates 
resulted in improved ballistic performance (Dunstan and Volstad 1984). However, it 
was not until the 1960s during the Vietnam War, that the first patent was filed (Cook 
1963), ceramic body armour issued (Bart and Lindberg 1987) (Ferguson and Rice 
1971) and significant fundamental ceramic armour research undertaken to attempt 
to understand the contributing factors governing ballistic performance (Wilkins et. 
al.,  1967) (Wilkins 1967) (Wilkins 1968) (Wilkins et al., 1969). The subsequent 
increased use and understanding of ceramic armour materials during this period 
resulted in a step-up in protection against ballistic threats. However, future 
requirements are demanding both greater ballistic protection and weight efficiency 
to cope with the evolving threats and demands of modern warfare. Consequently, 
the global market for body armour alone is predicted to reach $19.4 billion by 2022 
(Market Publishers 2012). 
 
a b 
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Ceramics are primarily used for armour applications due to their high hardness and 
ballistic mass efficiency. However, beyond these general requirements, limited 
understanding exists to direct ceramic development towards improvement in ballistic 
performance. This is in part due to the complexity of ceramic behaviour during high 
strain rate impact, with the interaction between a penetrator and a ceramic involving 
a complex and dynamic deformation and failure process of very short time duration 
across a range of different length scales, from nano-scale deformation to macro-
scale cracks (figure 1-2).  
Figure 1-2 Examples of ceramic deformation on impact covering nano (Chen et al., 2003) (reproduced 
with permission from John Wiley & Sons), micro (Shih et al., 1992) (reproduced with permission from 
Elsevier), meso and macro (LaSalvia et al., 2005) length scales (images reproduced with permission 
from John Wiley & Sons). 
 
Consequently, the process in which a ceramic interacts with a projectile and 
behaves on initial impact, particularly during the penetration process, is not 
understood fully. A key factor inhibiting this understanding is the current limitations 
associated with observing and analysing the ballistic event in real time with 
sufficient temporal and spatial resolution to record how the ceramic is failing in-situ.  
Whilst a variety of high strain rate testing methods that aim to replicate some aspect 
of ballistic impact are used in conjunction with characterisation techniques pre-and 
post impact, there is currently no substitute for undertaking ballistic tests to assess 
ballistic performance. The current lack of sufficient understanding to direct material 
development is emphasised by the “make and shoot” iterative process that is 
commonly undertaken to identify correlations between material 
properties/characteristics and ballistic performance for a wide range of potential 
ceramic armour materials. This is both time and resource intensive, thus there is a 
requirement for the use of simple, low cost screening techniques that can be 
undertaken on a limited number of small-scale samples to rank the ballistic 
performance potential of candidate ceramics earlier in the development process.  
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Whilst no direct link between the properties/characteristics of a ceramic and its 
ballistic performance has been established to guide ceramic armour development, 
hardness is widely regarded to be the most important ceramic armour property 
required to defeat ballistic threats. In addition, the importance of plasticity has been 
emphasized recently and highlighted as an area where further improvement in 
ballistic performance can be made (Magnusson and Shen 2006). Both hardness 
and plasticity have been measured and quantified from examining the indentation 
behaviour of a ceramic and have recently been used in combination to rank the 
potential for a ceramic to sustain dwell, an important phase governing the overall 
ballistic performance of the ceramic.  An additional characteristic influencing 
hardness, plasticity, dwell and thus overall ballistic behaviour of a ceramic is that of 
the onset and evolution of damage (fracture).  A detailed examination of the 
indentation and impact behaviour of a ceramic may reveal further subtle differences 
between ceramics that can be used in addition to hardness and/or other indentation 
parameters to correlate with and explain differences in, ballistic performance.  
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1.2 Aims))
Whilst the general aim is to investigate the deformation mechanisms of ceramic 
materials under ballistic impact, this is too broad a topic to be resolved by a single 
research project. Thus, this work is focused on investigating the information that can 
be extracted from indentation and small-scale impact experiments and related to the 
relative ranking of materials during ballistic tests.  
1.3 Structure)of)thesis)
 
After this introductory chapter, the current status within ceramic armour research will 
be reviewed, highlighting the difficulties and research challenges that are limiting 
improvements in understanding and the ballistic performance of ceramic armour 
materials (chapter 2). The manufacture of a range spark plasma sintered SiC-B4C 
composites is then discussed (chapter 3) following by the methodology to 
characterise indentation (chapter 4.4) and impact (chapter 4.5) behaviour. The 
characterisation of Knoop and Vickers hardness and indentation behaviour is then 
discussed (chapter 5.2) prior to examination of the surface and sub-surface impact 
behaviour (chapter 5.3). V50 ballistic data is then presented for three ceramics 
against an armour-piercing (AP) projectile with correlations discussed against 
observation from indentation and impact experiments (chapter 5.3). Conclusions 
from the current work are then drawn and recommended areas for future follow-on 
work presented (chapter 6).    
!
!
 5 
2 Literature review 
2.1 Introduction)
This chapter aims to review the current status within ceramic armour research, 
highlighting the types of ballistic threats and ceramic armour systems typically used, 
the properties, characteristics and ballistic performance of armour ceramics that 
have been developed to date, ceramic material parameters that have shown to 
contribute and correlate with ballistic performance and finally the ceramic 
deformation mechanisms and failure behaviours that have been observed under 
both ballistic impact and sharp indentation.  
2.2 Ballistic)threats)
Within modern warfare, both the dismounted solider and armour fighting vehicles 
require ballistic protection against a wide range of threats that are continuously 
being developed to provide greater penetration and damage to the target. In order 
to understand how to improve the performance of ceramic armour, knowledge of the 
types of threats and an appreciation of the conditions imposed on impact are 
required. This section briefly summaries the different classes of threats and 
discusses the known deformation mechanisms to defeat small-calibre AP 
projectiles.    
Ballistic threats can typically be classified into four types: small-calibre, long rod 
penetrators, shaped charges and Improvised Explosive Devices (IEDs). The range 
and development of these ballistic threats are continually evolving; from the 
increasing use of homemade IEDs to the geometry of AP projectiles and cobalt free 
(Erninge and Bitler 2011) and nanocrystalline (National Research Council 2014) 
tungsten carbide (WC) cored projectiles.  A summary of the range of typical threats 
encountered in warfare is shown in table 2-1. The area shaded in blue in table 2-1 
represents typical threats used against ceramic body armour. Due to the differences 
in threat composition, size, shape and muzzle velocity, the conditions imposed upon 
impact vary greatly. Consequently, it is difficult to provide an efficient and optimised 
protection system to counter all threats. 
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Figure 2-1 Types of ballistic threats ranging from (a) small-calibre projectiles (Strassburger et al., 2013) 
(imaged reproduced with permission from ASME) to (b) long rod penetrators (image reproduced with 
permission from (Specialised Imagery Ltd. 2014) (c) shaped charges (image reproduced with 
permission from (Lawrence Livermore National Laboratory 1999)) and (d) Improvised Explosive 
Devices (UK Forces Media Ops. and PJHQ 2009). 
!
A significant, common and relevant threat currently being faced by the UK armed 
forces is that of AP projectiles comprising of a hardened tool steel or WC core. 
The primary defeat mechanism for small-calibre AP threats is fracture and 
fragmentation of the hardened projectile core, accompanied by capture of the 
resulting fragments (Gooch Jr 2011). In contrast to the high hardness core 
contained within AP projectiles, high aspect ratio long rod penetrators typically 
consist of a high-density material of a lower hardness but higher fracture toughness 
such as tungsten or depleted uranium. As a result, the primary defeat mechanism 
for these threats is projectile erosion rather than projectile fracture. Finally, shaped 
charge jets at the far end of ballistic threats impose such extreme impact conditions 
(stresses of approx. 100 GPa - far exceeding that of any ceramic yield strength) that 
the ceramic behaves hydrodynamically, thus resulting in behaviour characteristics 
that are not applicable to conditions or properties under investigation in this study.   
!
!
!
a c 
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2.3 Ceramic+armour+
2.3.1 Background  
Ceramic armour can only efficiently defeat ballistic threats through integration of a 
ceramic tile into an armour system. It is therefore not just the ceramic material that 
offers ballistic protection but the combined contribution of the ceramic packaged 
together with other materials into a complete armour system. For body armour, these 
materials typically consist of a more ductile backing, such as steel or composite, to 
support the ceramic, capture ceramic / projectile fragments and dissipate the energy 
of the projectile over a larger area to avoid non-penetrating injuries known as behind 
armour blunt trauma. In addition to backing materials, instead of a single monolithic 
tile, a ceramic armour system can also be designed and packaged as an array of 
ceramic segments, as shown in figure 2-2.   
Figure 2-2 A photograph of the DSTL-patented segmented ceramic armour (Think Defence (© Crown 
Copyright reproduced under the OGL). 
The effect of modifying the design of an armour system by changing the ceramic tile 
size or surface geometry, whilst keeping the material the same, has shown, in some 
cases, to influence ballistic performance (Hazell et al., 2008) (Hunn and Lee 2011) 
(Shukla et al., 2003); an example is shown in figure 2-3. A significantly smaller 
damaged area is generated by decreasing the tile size due to the effect of tile edges 
inhibiting crack propagation into adjacent tiles. Consequently, restraining the damage 
to a small area enables the ceramic armour to withstand additional impacts in other 
areas (figure 2-3), thus improving the multi-hit capability of the armour system. This 
can be further enhanced by encapsulating an array of ceramic tiles in an elastomer 
that helps attenuate the interaction of the stress waves with neighbouring tiles (Shih 
et al., 1992).  Whilst sophisticated armour design such as this can be undertaken to 
improve the ballistic protection of armour systems, it usually corresponds to a 
detrimental consequence with regard to other significant factors governing its 
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success, i.e. increased complexity and weight. Therefore it is acknowledged that in 
order to enhance the ballistic performance of ceramic armour, improvements in the 
intrinsic material properties and characteristics that govern ballistic performance need 
to be made.       
     
 
Figure 2-3 a) A direct comparison between impact damage generated in an array of large square tiles 
and small cylindrical discs resulting in a much smaller damaged area with the use of small cylinders. (b) 
High multi-hit protection capability of a segmented ceramic armour plate (Gooch Jr 2011) (images 
reproduced with permission from John Wiley & Sons). 
 
 
 
 
a b 
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2.3.2 Advanced ceramics for armour applications  
2.3.2.1 Introduction    
Ceramic materials are primarily used for armour applications due to their high 
hardness and ballistic mass efficiency compared with conventional metallic 
materials; however, the limited information currently available to steer the 
development of improved ceramic materials has led to a variety of ceramics and 
ceramic composites being considered and investigated for use as armour, from 
beryllium boride (Cline and Wilkins 1975) to magnesium aluminium boride 
(Whittaker et al., 2010). The key parameters governing the selection of a ceramic 
material for a particular armour application are typically performance, cost and 
weight. Figure 2-4 highlights how these parameters vary by presenting a direct 
comparison of the mass and cost of five different armour ceramics to defeat a given 
threat. A small reduction in mass is shown to correlate to a large increase in cost.  
 
Figure 2-4 A comparison of mass and cost to defeat a given threat for different ceramics. Redrawn 
from (CeramTec-ETEC GmbH 2010). 
Materials chosen are typically low-density ceramics to reduce the weight carried by 
a dismounted solider or armoured fighting vehicle; however, a number of high-
density nitrides, borides and carbides have also been considered for applications 
where space in limited (Gooch et al., 2000). A non-exhaustive list of the different 
ceramic materials and their properties that have been investigated for use as 
armour is shown in table 2-2. Despite the large range of different materials that 
have been investigated, there still remain groups that may be suitable for armour 
applications that have yet to be explored. For example, novel boron icosahedra 
containing higher diborides, ternary B-C-Si and B-C-N systems, and homogeneous 
Al(Mg)-B-C(N) compounds have all been suggested (National Research Council, 
2011).  
1"
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The following section will review the most common ceramic materials used for 
ballistic protection, discussing the characteristics that are believed to make them an 
attractive armour material and highlighting the limitations that are preventing either 
wider use or further improvements in ballistic performance. Particular focus will be 
placed on reviewing the characteristics and developments of current commercial 
state-of-the-art (SOTA) non-oxide ceramics that have been developed and shown to 
have good ballistic performance. 
 
A summary of available ballistic data for some of the materials is provided in 
Appendix A. Some of the materials identified that may offer sufficient ballistic 
protection are simply not commercially viable as an armour product due to the 
expensive sintering process and/or difficulties with scale-up of size and shape 
required for armour.  
$
$
$
$
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$
$
$
$
$
$
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2.3.2.2 Alumina  
Alumina is the most widely used ceramic for armour applications due to the 
favourable combination of low cost and relatively good mechanical properties. 
Alumina can exist in both polycrystalline and single crystal form (sapphire) and can 
be manufactured using a variety of sintering methods, allowing great flexibility in the 
microstructures and mechanical properties that can be produced.  Due to the 
relatively low cost associated with alumina, significant research has been undertaken 
to improve the mechanical properties in line with the more expensive non-oxide 
ceramics.  Promising progress and correlations to ballistic performance have been 
made by increasing the purity (Medvedovski 2002) and reducing the grain size (Krell 
and Strassburger 2001) of alumina (although larger grain sizes have also 
demonstrated promising performance (James 1995)). Despite these improvements in 
ballistic performance, the intrinsic limitations in mechanical properties, coupled with 
the use of WC cored threats with comparable hardness, have led to the use of more 
expensive non-oxide ceramics with superior properties, in particular boron carbide 
(B4C) and silicon carbide (SiC). 
2.3.2.3 Boron carbide  
The desirable combination of low density (2.52 g/cm-3) and high hardness (30 GPa) 
of boron carbide, suggests great potential for ballistic performance. However, despite 
demonstrating good performance against low velocity threats (Moynihan et. al., 
2000), this performance does not extrapolate to protection against high velocity 
threats, with boron carbide showing an abrupt loss in ballistic performance under 
high-pressure impact (Roberson et al., 2005) (Moynihan et al., 2002) (Roberson and 
Hazell 2006) (Salamone et al., 2013). Plate impact experiments reveal that this loss 
in ballistic performance correlates to a sudden drop in shear strength when impacted 
at pressures above the Hugoniot Elastic Limit (HEL) 17-21 GPa (Dandekar, 2001) 
(Grady 1994) (Hayun et al., 2009). Post-impact analysis on fragments recovered from 
ballistic tests has revealed evidence of localized nano-scale (2-3 nm) amorphous 
bands (Chen et al., 2003), as shown in figure 2-5.  
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Figure 2-5 a) A ABF-STEM atomic micrograph showing the B4C crystal structure, (b) a schematic image 
of amorphization in B4C (Reddy et al., 2013) (images reproduced with permission from Nature 
Publishing Group) and (c) a TEM micrograph of amorphization taken from a B4C fragment following 
ballistic impact (Chen , McCauley and Hemker 2003) (reproduced with permission from The American 
Association for the Advancement of Science). 
The mechanisms governing this shock-induced phase transformation are not 
understood fully. It is suggested that the formation of these weaker amorphous bands 
are a result of the large anisotropic strains generated upon impact (Chen, 2007) and 
therefore responsible for the loss in shear strength (above the HEL) and 
consequently ballistic performance at high impact pressures (Chen, 2003), to an 
extent that ballistic performance is comparable with alumina (Roberson et al., 2005). 
This has been further supported by experimental evidence of amorphous shear band 
formation being driven by shear stresses (Reddy et al., 2013). This behaviour is a 
significant weakness that is currently limiting the widespread use of boron carbide 
and stopping it fulfilling its potential as an armour material against high velocity 
threats. As a result, significant research is being undertaken with the aid of 
computation modelling at the atomistic level to understand this shock-induced 
amorphous behaviour. The weakest polytypes responsible for this loss in shear 
strength has been identified as the B12 icosedra consisting of a C-C-C bond (Fanchini 
et. al., 2006) that has been calculated to fail at a pressure of 20 GPa less than the 
other polytypes (Taylor et al., 2011). The addition of dopants to avoid or suppress this 
polytype has been investigated with recent attempts at doping boron carbide with 
silicon showing promising results, with a reduction in amorphization observed under 
both electric field excitation and indentation (Chhowalla 2011), consistent with 
theorectical calculations (Fanchini et al., 2006). Research in this area has further 
intensified following the US ARL decision to concentrate non-oxide multi-scale 
research on B4C (American Ceramic Society 2013). However, due to these 
performance challenges, in addition to processing difficulties and the high cost 
associated with the powder ($50 / lb. (Campbell et al., 2008)), the use of B4C has 
been limited to applications such as helicopter seats, where the lower weight 
requirements offsets the higher cost compared with other competing ceramics. 
a b c 
5 Å 
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2.3.2.4 Silicon carbide  
The current limitations in ballistic performance of B4C has led to SiC being the 
primary ceramic material used to defeat high velocity threats. SiC, first processed in 
1891 by Acheson, can consists in a number of crystalline forms, with over 200 
polytypes reported to date (Bernstein et al., 2005). The most common crystalline 
structures found in armour-grade SiC ceramics are hexagonal, consisting typically of 
2H, 4H and 6H and rhombohedral 15R polytypes. Although, like B4C, phase 
transformation has been detected following impact (Shih et al., 2000), the type of 
polytype that forms in SiC has been reported to not be important in ballistic 
performance (Ray et al., 2005). In contrast, the deformation-induced hardening at 
high pressure has been suggested as a possible characteristic responsible for 
improved ballistic performance (Grady 1998).  
The combination of good mechanical properties, without the high-pressure crystal 
failure of B4C, at a lower cost (refer to figure 2.4), offers an attractive compromise that 
is applicable across a range of applications and threats. As a result, the widely 
regarded, world-leading and benchmark commercial ballistic grade ceramic, against 
which many new non-oxide and particularly SiC based ceramics are assessed, are a 
series of pressure assisted densified (PAD – a variant of hot pressing) silicon carbide 
ceramics manufactured by CoorsTek (formally BAE Advanced Ceramics, USA), 
known commercially as SiC-B, SiC-N and SiC-X1. Exact details of the processing 
conditions have not been released by the manufacturer, however SiC-B has been 
reported as being hot-pressed above 2000°C at 18 MPa (Bartkowski and Spletzer 
2001) and includes the addition of AlN (0.10-0.25 wt.%) as a densification agent (Ezis 
1994). The AlN makes the silicon carbide grains ‘active’ during sintering by 
enhancing the grain boundary diffusion kinetics, which reduces the porosity within the 
final as-sintered product.  Further, a lower temperature can also be used that limits 
excessive grain growth (Ezis 1994).  
A refinement of the processing method within SiC-N has also improved the 
homogeneity of the microstructure, removing graphite inclusions and aluminium rich 
areas that were occasionally present in SiC-B (Bakas 2006), resulting in a smaller 
average defect size (Demirbas 2008) which may be responsible for the higher 
Weibull modulus reported as 21 compared with 17 for SiC-B (BAE Systems 2014). 
Further improvements were made due to the addition of an organic binder that is 
burnt out during sintering leaving behind excess carbon, which reduces the grain 
boundary glassy oxide phase (Dandekar and Bartkowski 2001). A 1-2 GPa increase 
in compressive strength at high strain rates (~103 s-1) compared with the quasi-static 
compressive strenght was observed also in SiC-N (Wang and Ramesh 2004); 
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however, no increase was observed in SiC-B at similar strain rates and loading 
conditions (Shih, et al., 2000).  
A fundamental characteristic distinguishing PAD SiC variants from other competing 
SiC armour materials is the intergranular as oppose to transgranular fracture mode. It 
is believed that the AlN grain boundary phase and core-rim structure changes the 
ratio of the grain and grain boundary fracture strengths. The intergranular fracture 
mode is suggested to be desirable due the tortuous, crack deflecting fracture path 
around grains taken upon impact which is believed to be responsible for the higher 
fracture toughness compared with competing SiC ceramics that fracture 
transgranulary (Shih, et al., 2000).  
The success of the PAD SiC family of ceramics as a ballistic material has driven 
numerous studies to investigate the addition of Al or AlN to modify the grain boundary 
character and composition of SiC grains, in order to replicate the fracture behaviour 
observed in SiC-N and achieve similar mechanical properties and ballistic 
performance e.g. (Ray et al., 2008) (Mercurio and Haber 2009) (Ur-rehman et al., 
2010). One study reported hot pressed samples of α-SiC doped with 1.65 wt.% Al 
and 3.3 wt.% AI sintered at 2100°C and 2000°C respectively, with comparable values 
of fracture toughness and hardness to SiC-N; however ballistic performance was not 
measured (Pabit 2005). 
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2.3.2.5 Ceramic composites  
As highlighted in table 2-2, a number of ceramic composites have been explored for 
armour applications from Al2O3 – SiC to SiC – TiB2 materials. However, given the 
established and proven success of monolithic SiC and B4C armour materials and the 
desire to achieve a favourable combination of high hardness and low density at a 
lower cost, comparatively little armour-relevant research has been dedicated to 
investigating the properties and characteristics of SiC-B4C composites that have been 
processed to a comparable quality to their armour-grade compositional counterparts.  
Although SiC-B4C composites have previously been investigated in the literature, the 
majority of research has focused either on small percentages (i.e. < 10 wt.%) of SiC 
or B4C (Stobierski and Gubernat 2003) (Stobierski and Gubernat 2003) as sintering 
additions into one another or on materials that have been manufactured by the 
reaction-bonded process (Salamone et al., 2013) (Thuault et al. 2013) (Kim et al., 
2005) (Na 2011), which despite being a cost effective process, leaves residual Si in 
the microstructure, which has been shown to act as a defect leading to premature 
failure under compression (Hayun et al., 2009). Where examples of SiC-B4C 
composites that contain larger percentages (i.e. > 10 wt.%) of SiC and B4C phase 
have been reported, a wide range of properties and characteristics have been 
investigated, from their thermoelectric properties (Lankau et al., 2010) (Uehara et al., 
2004) to their behaviour as a layered (Orlovskaya et al., 2005) or textured laminar 
(Gunjishima et al., 2002) composite, but relativity little information that has 
meaningful relevance to armour.   
However, as a composite, promising observations of reduced grain growth (Shi et. 
al., 2012) and higher strength values (Tomlinson and Whitney 1992) have been 
reported. Although, contradictory data exist on the whether SiC-B4C composites offer 
improved ballistic performance, with a higher V50 velocity at constant areal density 
recorded following the addition of SiC (30 wt.%) to B4C, but also a lower probability of 
threat defeat (0.2) of a B4C–SiC (% not reported) composite compared with 
monolithic SiC (1.0) (Chheda et. al., 2006).   
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2.3.3 Spark Plasma Sintering  
A range of different methods exist to sinter ceramic materials, from established and 
conventional methods such as Pressureless Sintering (PS), Hot-Pressing (HP), 
Reaction Bonding (RB) and Liquid Phase Sintering (LPS), to new-emerging and 
niche methods, including, Rapid Omnidirectional Compaction (ROC), High Frequency 
Induction Heating Sintering (HFIHS), Dynamic Magnetic Compaction (DMC), Self-
propagating High-temperature Synthesis (SHS), Explosive–Assisted Densification 
(EAD), Microwave, Plasma Melt Quenching and Flash Sintering (FS) (Cologna et. al., 
2010). However, a sintering method that has shown great potential for improved 
mechanical properties (Hayun et al., 2009) within a range of ceramic materials is 
Spark Plasma Sintering (SPS).  
Despite being able to trace its origins back to 1906 (Bloxam 1906), the first 
commercial SPS facility was only established in 1990 (Yanagisawa et. al., 1994), thus 
SPS is still regarded as a novel processing technique with the exact sintering 
mechanisms are still relatively unknown (Shen et al., 2002). This lack of fundamental 
knowledge is no more evident than in the widely adopted but misleading SPS name 
that contains both the terms “Spark” and “Plasma”, which, despite numerous 
researchers reporting plasma-formation as a contributing sintering mechanism 
(Tokita 1999) (Shen et al., 2002), are believed to be misnomers as no spark or 
plasma between particles, has ever been observed (Ozaki et al., 2000) (Tomino et 
al., 1997), just assumed through electrical noise (Omori 2000). This view has been 
further supported following a recent experimental study that concluded that no 
plasma, sparking or arcing occurred following the use of a range of powders and SPS 
process conditions (Hulbert et al., 2008), although it has been argued that plasma 
may still occur on a microscopic scale (Groza et al., 2000).  
Similar to HP, SPS, also known as Field Assisted Sintering Technique (FAST), Rapid 
Hot Pressing (RHP), Plasma Assisted Sintering (PAS), Plasma Pressure Compaction 
(P2C), Electric Pulse Assisted Consolidation (EPAC) and Pulsed Electric Current 
Sintering (PECS), uses a combination of pressure and heat to densify and sinter 
ceramic powders, approximately ten times quicker than PS (Nygren and Shen 2003) 
to a comparable or higher density than HP (Langer et al., 2009) with 20 to 30% less 
energy consumed (Fuji Electronic Industrial Co., Ltd. 2014). However, unlike 
inductive and indirect resistance heating from an external heating source as used in 
HP, heat is generated by applying a low voltage DC current across the die and/or the 
powder itself (if conductive), resulting in very high heating rates, up to 1000 °C min-1 
to be achieved. In addition to the effects of pressure and temperature, the presence 
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of a DC current or electric field during sintering has also been shown to improve 
densification (Mishra et al., 1998). As a result, a lower sintering temperature can be 
used to achieve a given density, thus limiting grain growth, allowing finer 
microstructures to be generated and thus the potential for improved mechanical 
properties, in particular hardness. The shorter processing time and lower sintering 
temperature has also shown to limit thermal degradation of materials during the 
sintering process, allowing, for example, carbon nanotubes to be retaining in the as-
sintered samples (Inam et al., 2010). 
Further, the use of SPS has also demonstrated that SiC and B4C ceramics can both 
be densified without the use of sintering additives (e.g. Al, B, C, Y2O3, Si) (Hayun et 
al., 2009) (Maitre et al., 2008) that are typically used to achieve full densification, but 
also can act as defects under impact (Ziccardi and Haber 2008).  
To date, research on SPS ceramics materials has predominantly been undertaken on 
small-scale samples to characterise and compare their mechanical/thermal/electrical 
properties with both commercial materials and more established processing methods. 
For armour-grade ceramics this has been undertaken on B4C (Toksoy and Haber 
2011) (Nadaraia and Jalabadze n.d.) (Kim et al., 2009) (Karandikar et al., 2013) 
(Institute for Manufacturing and Sustainment Technologies 2009), B4C-TiB2 (Huang 
et al., 2011), B4C-SiC (Moshtaghioun et al., 2013) (Sahin et al., 2012), SiC-B4C, Al2O3 
(Kim et al., 2007) (Kim et al., 2009), (Shen, et al., 2002), TiB2 (McCauley et al., 2006) 
and spinel (Morita et al., 2009). Whilst ballistic-relevant data for these SPS materials 
is limited, the equal or superior mechanical properties (Hayun et al., 2009), higher 
spall strength (Paris et al., 2010), higher strength (Pan and Gong 2007) (Huang et al., 
2007) and comparable ballistic performance (Heaton 2013) to equivalent HP 
materials reported recently, indicates that SPS is a promising processing route for 
future armour materials. 
 
 
 
 
 
 21 
2.3.4 Ballistic performance of armour ceramics 
Ballistic performance data of armour ceramics in the literature is scarce, as detailed, 
meaningful results that directly compare different ceramic materials are usually 
classified. As previously discussed in chapter 1, there is no standardised method to 
compare the ballistic performance of armour ceramics, thus ballistic tests reported in 
the literature typically vary in their configuration and set-up. Consequently, due to the 
range of variables that exist, it is difficult to provide a direct comparison of ballistic 
data for different materials to aid ceramic development.  However, in an attempt to 
provide a summary of the ballistic performance of ceramics against different threats, 
figure 2-6 collates data available in the literature for a variety of ceramics and threats. 
Additional ballistic data is provided is provided in appendix A.  
Figure 2-6a shows that the addition of high aspect ratio whiskers to SiC appears to 
provide poorer ballistic performance than homogeneous pressureless sintered (PS) 
SiC against 14.5 mm BS41 ammunition (blue markers) suggesting microstructural 
anisotropy and inhomogeneity is undesirable. HP SiC (SiC-B) also demonstrates 
significantly better ballistic performance (DOP) than PS SiC (5000). The lower 
porosity and intergranular fracture present in SiC-B may be a possible reason for this 
difference. Small additions of Al, B, C and Y2O3 that modify the composition of SiC 
also appear to demonstrate a differences in ballistic performance (DOP) (green 
markers in figure 2-6a), suggesting that only a narrow band of compositions can 
provide optimum performance – which may be difficult, time-consuming and costly to 
identify (see green markings). However, in contrast, little difference in V50 
performance is apparent (figure 2-6b).  The low-density boron and beryllium-based 
ceramic all provide a high ballistic performance ranking, particularly Be2B, however, 
the toxicity of beryllium currently excludes this material for further development for 
armour applications.  
 
From the available ballistic data, microstructural homogeneity and low porosity both 
appear to be desirable, however, to further understand these differences in ballistic 
performance, it is necessary to examine the materials influential properties and 
characteristics. 
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Figure 2-6 Ballistic performance comparisons presenting (a) depth-of-penetration and (b) V50 data 
against AP projectiles for a range of ceramics. Marker colours represent different projectiles types. 
Further data is provided in appendix A. 
  
 
 
 
 
 
 
 
(Flinders et al., 2005) 
(Lillo et al., 2003) 
(Moynihan et al., 2000) 
(Woolmore 2010) 
(Madhu et al., 2005) 
(Wilkins et al., 1969) 
(Dateraksa et al., 2012) 
(Landingharn and Casey 1971) 
(Flinders et al., 2005) 
(XeraCarb 2014) 
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2.4 Material+characteristics+affecting+ballistic+performance++
2.4.1 Introduction  
In an effort to direct material development, a number of simplified figures of merit 
have been proposed that combine some of the important material properties of 
Young’s modulus, hardness, fracture toughness, plasticity and density (Stiglich 1968) 
(Neshpor et al., 1995) (Liu et al., 2013). This section discusses some of these 
properties, among other material characteristics, and their affect on ballistic 
performance.      
2.4.2 Hardness 
Hardness can be defined as the resistance against penetration (Martins 1898) or 
local deformation (Tabor 1956), thus suggesting great relevance to conditions 
imposed under ballistic impact. Renowned fundamental research undertaken by 
Wilkins and co-workers into ceramics for armour applications first demonstrated the 
importance of high ceramic hardness for successful ballistic performance (Wilkins 
1968). This relationship particularly holds true for the defeat of small calibre threats, 
whereby the primary defeat mechanism is fracture, fragmentation and deformation of 
the projectile (refer to section 2.2) and has since been reported as the dominate 
(Woodward 1990) and only (Viechnicki, et al. 1987) property able to assess and 
predict a ceramic’s ballistic potential. This is supported by the improvement in ballistic 
performance with increasing hardness reported for 7.62 x 51 mm WC-Co (Ray et al., 
2005) and 7.62 x 51 mm FFV WC cored projectiles (Donoghue 2004). Performance 
against long rod penetrators, where projectile erosion is a significant defeat 
mechanism is less clear with positive (Moll and Wickert 2007) and no correlation to 
hardness being reported (Pickup 2005). However, this correlation does not always 
exist (Pickup and Barker, 1999) (Swab et al., 2001) (Krell and Strassburger 2014), 
and has been shown to break down following the examination of beryllium oxide 
which demonstrated comparable ballistic performance compared with hot-pressed 
boron carbide despite having a significantly lower hardness (12.0 GPa c.f. 27.9 GPa 
(HV1)). Although when the hardness of the ceramic is comparable to that of the 
projectile, e.g. alumina against WC-cored projectiles, poor ballistic performance has 
been reported (Dickshit et al., 1995). 
 
More recently, attempts have been made to refine the relationship, stating that the 
positive contribution of hardness is only active when coarse fragments are generated 
on impact (Krell and Strassburger 2014) and that a ceramic must have a hardness 
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greater than that of the projectile to blunt the projectile tip upon impact to improve 
ballistic efficiency (Woodward and Baxter, 1994) (Anderson et al., 1996), but any 
further increase in hardness above that of the projectile may not necessary provide 
further improvement (Reijer, 1991). However, correlations between hardness and 
both ballistic mass efficiency in SiC (Flinders et. al. 2005) and Al2O3 (Krell and 
Strassburger 2002), ballistic resistance (Sternberg 1989) and ballistic performance 
(Ray et al., 2005) continue to be made, further supporting the importance of armour 
materials with high hardness.  
The progression towards increasing ceramic hardness has therefore led to various 
areas of investigation, from the development of super-hard B6O (LaSalvia et al., 
2013) and cBN (Swab et al., 2014) (Swab et al., 2015) ceramics, to nanoceramics 
with reduced grain size (Niesz and McCauley 2007) (Krell and Strassburger 2001) 
(Magnusson and Shen 2006) (Wollmershauser, et al. 2014) and applying super-hard 
B4C-TiB2 composite coatings (PennState Materials Research Insistute 2009). 
However, whilst it is acknowledged that high hardness is a desirable material 
property for armour grade ceramics, it usually corresponds to a detrimental effect on 
other material properties, notably fracture toughness e.g. (Ray et al., 2008). A poor 
correlation between Vickers hardness and the critical thickness of a ceramic tile to 
fracture a WC-Co cored projectile (Hazell and Roberson 2005) also suggests that the 
potential of hardness has not been fully realised. Therefore, despite the generally 
favourable correlation between hardness and ballistic performance that has driven 
research towards increasing the hardness of ceramic materials, an appreciation of 
the influence of other material properties is also required.  
2.4.3 Fracture toughness 
Whereas hardness has been described as the governing property to assess the 
ballistic potential of a ceramic material, fracture toughness has been reported as 
being a measure for how much of that potential can be realised (Chheda et al., 2006). 
Owing to the intrinsic brittleness of ceramic materials, much research has focused on 
improving fracture toughness, which has demonstrated some level of ballistic 
performance (Zhang and Li 2010) and transition velocity (the projectile velocity which 
corresponds to a transition between interface defeat and penetration) (Lundberg 
2004) improvement. A ceramic with superior fracture toughness is thought to be 
desirable as damage generated on impact is localised, thus improving the multi-hit 
capability of the armour (refer to section 2.3.1). However, despite this favourable 
characteristic, it is widely acknowledged that a negative correlation between fracture 
toughness and hardness exists, which may be, in part, responsible for the lack (Moll 
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and Wickert 2007) (Flinders et al. 2005) (Ray et al., 2005) (Vargas-Gonzalez 2009) 
(O'Donnell 1991) and/or negative (Viechnicki et al,. 1987) correlation with ballistic 
performance also reported. Small improvements in fracture toughness of SiC from 4 
to 6 MPa m1/2 have been achieved without a significant decrease in hardness 
(Chheda 2006), however, MgAlB14, which has comparable hardness and fracture 
toughness values (but different fracture mode) to PAD SiC-N (refer to 2.3.2.4), 
demonstrated significantly poorer ballistic performance (Whittaker et al., 2010), 
suggesting hardness and fracture toughness are insufficient to provide an indication 
of ballistic performance and that additional material properties/characteristics are 
further influencing performance.  
2.4.4 Fracture mode  
The fracture path can either propagate transgranulary through grains or 
intergranulary along the grain boundaries (figure 2-7), depending on which is the 
lower energy path. The majority of non-oxide armour ceramics (SiC and B4C) fracture 
transgranulary, with the common exception being the PAD SiC ceramic variants 
discussed in section 2.3.2.4. For these materials, the higher fracture toughness 
values are attributed to the tortuous intergranular fracture path. However, despite 
reports of the importance of intergranular fracture (Ezis 1994), no correlation has 
been observed between fracture mode and ballistic performance (V50) using 14.5 
mm WC-CO ammunition on five hot-pressed SiC materials (Ray et al., 2005), 
although the importance of fracture behaviour on ballistic performance has been 
highly emphasized (Ashkin and Palicka 2010) (Krell and Strassburger 2014).  
 
 
Figure 2-7 Examples of intergranular, mixed-modal and transgranular fracture in armour-grade ceramics 
(Hallam 2011). 
 
 
Intergranular Mixed-modal  Transgranular 
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2.4.5 Plasticity 
Ceramics are characteristically brittle materials. However, under certain conditions, 
(such as those experienced under ballistic impact), evidence of localised plasticity in 
the form of inelastic deformation mechanisms has been observed (Chen et al., 2003) 
(LaSalvia and McCauley 2010) (Chen et al., 2006) (Shih et al., 2000) (Mukhopadhyay 
et al., 2010) (Das et al., 2010). Ceramic materials that exhibit inelastic deformation 
prior to catastrophic microfracture are believed to be desirable as localised stress 
gradients that can initiate microfracture are reduced, allowing the projectile load to be 
spread over a larger area and for a longer time duration, thus enhancing dwell 
performance. The apparent importance of inelastic deformation in ballistic 
performance was first identified in classic work by Wilkins, Cline and Honodel who 
investigated the deformation behaviour of beryllium oxide (BeO) and aluminium 
nitride (AlN) (Wilkins 1968). BeO was shown to demonstrate a higher ballistic limit 
compared to state-of-the-art (1969) B4C despite a significantly lower hardness. It is 
believed that plastic deformation behaviour within BeO delays tensile failure of the 
ceramic, which in turn, enhances dwell and erosion of the projectile upon impact 
(McCauley 2009). Further research was subsequently undertaken under controlled 
compression testing which revealed that, in contrast to the brittle fracture behaviour 
exhibited by B4C and Al2O3 under a confinement stress up to 0.75 GPa, BeO 
behaved plastically achieving strains up to 5% when subjected to a confinement 
stress of approximately 0.3 GPa. However, despite demonstrated plastic behaviour 
and encouraging ballistic performance (refer to figure 2-6), the toxicity of BeO in its 
powdered form has prohibited its use as armour (Landingharn and Casey 1971). 
Consequently, greater focus was then directed to AlN, which was also observed to 
undergo a brittle-ductile transition and demonstrate plastic deformation behaviour 
under a confinement stress of approximately 0.5 GPa, (Heard and Cline 1980). 
Further, the addition of AIN as part of a core rim structure and grain boundary phase 
within SiC-N has been suggested to exhibit limited plastic behaviour prior to 
intergranular fracture, (Pickup and Barker 1999). This agrees with density functional 
theory calculations that identified the addition of Al to 6H-SiC reduces the (3111) 
stacking fault plasticity onset pressure, and therefore was suggested to provide the 
greatest potential to improve the ballistic performance of SiC (Domnich and Haber 
2010), which correlates to the superior ballistic performance demonstrated by these 
PAD SiC ceramics (refer to section 2.3.4 (figure 2-6)). 
 
Lankford and co-workers investigated the deformation behaviour and failure of Al2O3 
under compression between strain rates of 10-4 and 105 s-1 under various degrees of 
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confinement. Typically brittle Al2O3 was also shown to demonstrate plastic behaviour 
at all strain rates investigated, if the degree of confinement was sufficient to avoid 
premature failure by suppressing microfracture (Lankford 2004). Evidence of 
plasticity has also been observed under un-confined conditions if the microstructure 
contained few defects (Lankford et al., 1998). Failure therefore occurred from 
plasticity-induced microcrack nucleation rather than from pre-existing defects, thus 
highlighting the importance of plasticity as the limiting factor in the compressive 
behaviour of ceramics. This behaviour was also supported in work examining alumina 
samples that had been shocked via plate impact testing above and below the HEL, 
revealing a change in fracture mode from intergranular fracture to twin-induced 
transgranular fracture (Chen et al., 2006). Similar results have also been observed by 
(Longy and Cagnoux 1989). Aside from the unfavourable formation of amorphous 
bands in B4C, maximising other inelastic deformation mechanisms such as stacking 
fault formation has been identified as a potential way to enhance plasticity and 
energy absorption on ballistic impact (National Research Council, 2011). Dislocation 
motion has also been suggested as being responsible for stress accommodation at 
high strain rates (Morita et al., 2007). In addition to direct evidence of inelastic 
deformation mechanisms via transmission electron microscopy (TEM) 
characterisation, as shown in figure 2-8, Pickup investigated and compared the 
quasi-static and dynamic compressive stress histories of three silicon carbide 
materials, AME (reaction bonded), SiC-100 (pressureless sintered) and SiC-B (PAD), 
attributing differences in their characteristic failure time to the extent of plasticity 
(Pickup 2005). Characterisation of the AME SiC sample revealed a high defect 
content and regions of unreacted silicon, which resulted in catastrophic failure 
occurring as soon as the quasi-static compressive strength was reached.  In contrast, 
the dynamic compressive stress histories of SiC-100 (red line) and SiC-B (blue line), 
as shown in figure 2.9, from Split Hopkinson Pressure bar (SHPB) testing, 
demonstrate non-linear behaviour after the quasi-static compressive strengths were 
attained, suggesting inelastic behaviour prior to catastrophic failure (Pickup 2005). 
This dynamic plasticity behaviour was particularly evident within SiC-B, which as 
previously discussed, contains an AlN grain boundary phase and may possibly 
exhibit localised plasticity, contributing to the 30 µs delay between reaching the 
compressive strength and failure. The longer failure delay within SiC-B compared 
with SiC-100 was attributed to the slower damage kinetics as a result of microcrack 
coalescence and the ability of grains to interlock due to the intergranular fracture 
mode (Pickup 2005). 
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Figure 2-8 Examples of TEM micrographs showing evidence of inelastic deformation mechanisms in 
armour ceramics. (a) Twinning in Al2O3 (Chen et al., 2006) (reproduced with permission from Nature 
Publishing Group), (b) amorphization in B4C (Chen et al., 2003) (reproduced with permission from the 
American Association for the Advancement of Science), (c) extensive stacking faults in SiC-SC-1R 
(LaSalvia and McCauley 2010) (reproduced with permission from John Wiley & Sons) and (d) stacking 
faults and dislocations in a HP SiC (Shih et al., 2000) (reproduced with permission from Elsevier). 
 
Figure 2-9 Dynamic compressive stress histories from SHPB testing at strain rates of ~103 s-1 for AME, 
SiC-100 and SiC-B. (b) Images taken with a high-speed camera during SHPB testing of SiC-100 and 
SiC-B at increasing times within their compressive stress histories (Pickup 2005) (reproduced with 
permission from John Wiley & Sons) 
 
Possible evidence of plastic deformation within SiC-N has also been reported 
following examination of the shock response under plate impact conditions (Miller et 
al., 2005). The shear strength of SiC-N within a failed state (following passage of the 
failure wave) was observed to increase with increasing impact stress. It has been 
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suggested that the combination of plastic deformation and the incomplete 
coalescence of microcracks are responsible for delaying the material from 
transforming to a fully comminuted state. It is believed that fully comminuted material 
would result in a constant shear strength with impact strength, as observed within a 
pressureless sintered SiC (Miller et al., 2005). Shih and co-workers also reported an 
increase amount of 6H polytype with increasing impact stress following x-ray 
diffraction analysis on recovered fragments from SHPB tests (Shih, et al. 2000). This 
change in the crystal structure indicates inelastic deformation prior to catastrophic 
failure. In addition, the occurrence of an increase in compressive strength within SiC-
N at ~103 s-1 coincides with a reduction in fragment size, suggesting additional micro-
plasticity mechanisms are operating (Wang and Ramesh 2004).  
 
Following small scale, long rod dwell experiments, it was reported that the 
combination of compressive yield strength and the extent of ceramic plasticity, 
correlates with measured transition velocities, suggesting that these are two 
important material parameters governing the transition between dwell and penetration 
(Lundberg and Lundberg 2005) (figure 2-10). This was further supported by the 
extensive stacking faults observed in PAD SiC-HPN following ballistic test which also 
demonstrates the highest transition velocity. 
 
Figure 2-10(a) Flash X-ray images of small-scale long rod dwell experiments (Lundberg and Lundberg 
2005) that identified (b) a correlation between compressive yield strength and plasticity (Lundberg et al., 
2000) (published with permission from Elsevier). 
Further evidence supporting the importance of plasticity in dwell performance, as 
indicated by Lundberg, has driven a recent effort to attempt to provide a semi-
quantitative measure of bulk plasticity within ceramic materials from Knoop hardness 
as a function of load curves (McCauley and Wilantewicz, 2008).  
Fig. 8. Transition impact velocity v
!
versus target yield
strength !
"
for (a) tungsten projectile and (b) molyb-
denum projectile. The shaded areas correspond to the
interval between the estimated lower and upper bounds
for the transition impact velocity. The heights of the bars
correspond to the intervals of Table 3.
Fig. 9. Transition impact velocity v
!
versus target yield
strength !
"
for tungsten and molybdenum projectiles and
silicon carbide (SiC-1) target. The shaded areas corres-
pond to the interval between the estimated lower and
upper bounds for the transition impact velocity. The
heights of the bars correspond to the intervals of Table 3.
5. Discussion
A model has been established which makes it possible to estimate the surface load generated by
a projectile defeated on the surface of a ceramic target. The projectile was treated as a stationary jet
with a certain compressibility (parameter ") and strength (parameter #), and the impact surface was
considered to be #at, rigid and friction-free. Thus, the loading was considered to be quasi-static,
which is not true initially when the projectile hits the target. In order to establish a similar nearly
quasi-static loading experimentally, without damaging the ceramic, some kind of attenuating
device has to be used. In this study, such a device was provided by the front plug, which had such
thickness that it considerably reduced the initial load on the surface of the ceramic. Yet, a nearly
quasi-static loading is very di$cult to achieve in practice.
IE 517
270 P. Lundberg et al. / International Journal of Impact Engineering 24 (2000) 259}275
a b 
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Interestingly, in comparison to similar PAD SiC variants (SiC-B, SiC-N and SiC-SC-
1R), SiC-HPN was also measured to have the highest plasticity parameter 
determined from Knoop indentation hardness measurements (McCauley and 
Wilantewicz 2008), yield strength from Hertzian indentations (Daloz et al., 2008) and 
fracture toughness value (Demirbas 2008). However, despite numerous leading 
researchers highlighting the potential importance of inelastic deformation in ballistic 
performance, there remains limited understanding of the different inelastic 
deformation mechanisms and how they evolve and contribute to the macroscopic 
failure of ceramic materials under ballistic impact.  
2.4.6 Defects 
In order to activate and realise the potential of these inelastic deformation 
mechanisms under impact, sufficient stresses need to be attained, which may be 
inhibited by the presence of defects.  Defects can exist in many forms, from porosity 
to inclusions, and can play a critical role in reducing the strength and increasing the 
variability in ballistic performance of ceramic materials. However, the behaviour of 
defects and their contribution to failure under ballistic impact is different than under 
quasi-static conditions. In contrast to failure under quasi-static conditions being 
governed by the largest defect present within the material, under ballistic conditions a 
crack propagating from a single critical defect does not have time to cause 
catastrophic failure. It is therefore believed that catastrophic failure originates from 
the coalescence of cracks propagating from multiple defects (Paliwal and Ramesh 
2008). To date, the influence of defects on ballistic performance variability is still not 
understood fully, however, a recent study analysing defect populations within SiC-N 
targets has reported a significant difference in the ballistic performance of samples 
when tested under identical conditions, which has been linked to differences in the 
range of defects sizes (Bakas et al., 2008).  
The type and role of different defects on the macroscopic failure of ceramics under 
ballistic impact therefore still poses many unanswered questions. Whilst there are 
areas where the presence of porosity can enhance mechanical properties (Madhav et 
al., 2012), it is widely acknowledged that porosity is undesirable and leads to 
premature failure and lower ballistic performance (Madhu et al., 2005), although the 
presence of a very small amount (<1%) of porosity is reported as not having a 
significant impact on either hardness or ballistic performance (Krell and Strassburger 
2014). Consequently, advancements within ceramic processing and manufacturing 
methods have been made that enable ceramics to be processed to near their 
theoretical density, thus significantly eliminating porosity within the as-sintered 
sample.   
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2.5 Ceramic+behaviour+upon+ballistic+impact++
2.5.1 Introduction 
Ballistic impact on a ceramic armour system is a complex and dynamic event 
consisting of a number of interconnecting energy dissipation mechanisms occurring 
at a range of length scales within very short time duration, typically a few tens of 
microseconds. Further, the size, mass, shape and velocity of the projectile impacting 
the ceramic are also constantly changing throughout the impact event, imposing a 
variety of different stress and strain conditions upon the ceramic and projectile, 
respectively. This section discusses the interaction between a projectile and a 
ceramic target on impact, with particular focus on small-calibre armour-piercing (AP) 
projectiles impacting thin ceramic tiles backed with a composite backing, replicating 
an armour system typically used for body armour. The ballistic event is separated and 
discussed as two stages; dwell and penetration. A separate section providing a 
detailed discussion of the damage generated upon impact is also presented.  
2.5.2 Projectile dwell 
Upon initial impact, the kinetic energy transferred from the projectile to the ceramic 
generates a succession of pressure waves, which propagate radially from the impact 
point at various speeds and amplitudes. A high amplitude compressive wave is 
initially generated within both the ceramic and projectile, propagating hemispherically 
from the point of impact at wave speeds between 8 – 15 km⋅s-1 governed by the 
intrinsic elastic stiffness of the material. Within a thin-walled ceramic armour system, 
the back plate interface is the first boundary reached by the advancing compressive 
wave. Typically, the backing has a lower acoustic impedance than the ceramic, 
resulting in a reflected tensile wave. The accumulation and interaction of a series of 
compressive and tensile stress waves result in localised tensile stresses exceeding 
the fracture strength of the ceramic and contributing to unstable crack propagation 
(Shih et al., 2000) although the transverse nature and higher percentage of energy 
carried by the shear wave (Graff 1975) suggests that this is more damaging to the 
ceramic than the compressive and Rayleigh waves. This was further supported 
following experimental and computational edge-on-impact (projectile impact upon a 
ceramic edge to visualise macroscopic damage propagation) results, which observed 
that the propagating damage front correlated with the material that was subjected to 
shear stress following the passage of the shear wave (Strassburger et al., 2006). The 
importance of this observation becomes further apparent given that the propagating 
compressive, tensile, shear and Rayleigh waves are travelling through the ceramic at 
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higher velocities than the penetrating projectile, thus the projectile is penetrating the 
ceramic when it is in a post shock state, which may differ to the original material in its 
as-sintered condition. In addition to the high magnitude waves within the ceramic, 
pressure waves also propagate into the projectile contributing to its fragmentation 
and failure (Wilkins 1968). 
Fracture and fragmentation of the projectile upon impact is acknowledged to be the 
primary defeat mechanism for low velocity and aspect ratio AP threats (Gooch et al., 
2000) (Reme 1997). However, within the first few microseconds of impact, the 
ceramic will initially resist penetration, resulting in the projectile flowing radially across 
the ceramic surface. This process is known as projectile dwell and was first identified 
by Wilkins, who observed a 10-20 µs dwell phase on impact of a 7.62 mm AP 
projectile on a thin ceramic target (Wilkins 1968), and has since been reported as 
being a key factor in the defeat of AP projectiles, (Gooch et al., 2000) (Anderson and 
Walker 2005) (Pickup 2005). The importance of dwell has been supported further by 
numerical simulations that show a 3 µs increase in dwell duration following AP 
projectile impact can reduce the kinetic energy of the projectile by ∼10% (Anderson 
and Walker 2005).  Complete defeat of the projectile on the ceramic surface is 
termed interface defeat (Hauver et al., 1993) (Lundberg 2004). 
The combination of high kinetic energy and small tip area of the projectile induces a 
high hydrostatic stress concentration at the point of contact (10-20 GPa) and this, 
coupled with the imposed lateral confinement provided by the adjacent material, 
results in the Hugoniot Elastic Limit (HEL) of the ceramic being exceeded (Shih et al., 
2000). The HEL is considered as the transition from elastic to plastic deformation 
(analogous to the yield stress in the purely tensile mode). Under a high compressive 
stress, the corresponding tensile stresses induced at pre-existing flaws will initiate 
crack propagation. However, the lateral confinement provided by the adjacent 
material will impede the growth of compression-induced cracks resulting in a 
localised area of plastic deformation. This is supported by transmission electron 
microscopy (TEM) analysis of silicon carbide following interface defeat providing 
evidence of dislocations and stacking faults being present directly beneath the 
projectile (Shih et al., 2000). This suggests that plastic deformation of the ceramic is 
the initial response to penetration.  This behaviour occurs in the area termed the 
frontal layer directly beneath the projectile. As a result of projectile inertia and the 
stress generated through ceramic compression of the ceramic, the backing yields and 
deforms.  Consequently, a reduction in support results in the ceramic following the 
geometry of the deforming backing, thus generating large tensile forces on the rear of 
the ceramic. With increasing deformation, the tensile stress of the ceramic is 
exceeded, resulting in the initiation of an axial crack that propagates towards the 
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Conical 
crack 
point of impact.  The concave deformation profile also induces an additional 
compressive force upon the front ceramic surface, further increasing the lateral 
confinement experienced by the frontal layer. However, as a result of the dynamic 
penetration process, factors such as degree of confinement, projectile geometry and 
stress imposed on the ceramic are continuously changing and influencing the 
propagation of cracks in multiple directions.  
Moving away from the impact site, directly beneath the frontal layer, the propagating 
compressive wave reduces the lateral confinement imposed by the adjacent ceramic 
material.  As a result, for a thick-walled ceramic, a localised area of substantial 
compressive damage has been observed, comprising of a high density network of 
micro-cracks through shear deformation.  This area is termed the Mescall (Shockey , 
Marchand et al., 1990), comminuted or quasi-plastic zone, and is commonly elliptical 
in shape (Shih et al., 2000). The resistance of the ceramic to comminute and flow 
around the projectile has been recognised as a major factor influencing ballistic 
performance (Stepp 2002) (Chen et al., 2007) (Shockey et al., 2010). Once in a 
comminuted state, the Mescall zone will exert additional pressure on the surrounding 
material due to the unconfined comminuted material occupying 2-5% greater volume 
(Janach 1976) and will continue to resist penetration as grains and comminuted 
fragments interlock. This has been observed in flash X-ray images of a steel rod 
impacting glass showing a resistance to penetration approximately 35µs after the 
ceramic comminuted completely (Bourne et al., 1997).  
Despite being identified as a significant impact damage characteristic, the formation 
of a quasiplastic zone has not been observed within all armour-grade ceramics. Post-
ballistic analysis of sphere-impacted boron carbide and tungsten carbide revealed no 
Mescall zone under the point of impact (LaSalvia et al., 2007) in comparison to silicon 
carbide and titanium diboride under the same conditions where a Mescall zone is 
clearly evident (LaSalvia et al., 2005). Both resistance to comminution (Chen, et al. 
2007) and exhibiting a large quasiplastic zone to supress cone cracks have been 
reported as being key factors governing ballistic performance. However, the energy 
dissipated due to comminuting material is very small (reported as being <1.5% 
(Camacho and Ortiz 1996) and <0.1% (Woodward et al., 1994) of the total projectile 
kinetic energy respectively and thus efforts to explore increasing the size of the 
Mescall zone has been suggested as not being very beneficial (Shockey et al., 2010), 
although energy absorbed by the flow of comminuted material in the Mescall zone is 
expected to be much higher (McGinn et al., 1994). 
 
In contrast to the compressive stresses under the projectile, the adjacent surrounding 
material is under tension.  Consequently, the tensile stresses induce concentric ring 
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cracks, circling the impact site, which propagate to form conical fractures within the 
ceramic. The angle of the conical fracture pattern is also dependent on the projectile / 
ceramic contact area and tile thickness. The importance of this damage mechanism 
to the overall ballistic response has been highlighted through numerical simulation, 
that has observed the cone crack profile failure of material ahead of the advancing 
projectile (Teland 2005). A large internal angle is desirable as it spreads the impact 
and stress over a large area, which is in contrast to the shallow cracks observed in 
the characteristically brittle B4C where no Mescall zone is observed. With increasing 
damage the ceramic can no longer support the projectile and the dwell period ends.  
 
2.5.3 Projectile penetration 
When the projectile induced stress is sufficient to overcome the strength of the 
ceramic, the projectile will begin to penetrate.  The high-density region of 
microcracking within the Mescall zone (if present) will begin to flow around the 
projectile and debris is ejected, reducing the lateral confinement on the remaining 
material.  Despite extensive fracture, the flow of comminuted material will continue to 
resist penetration and subsequently erode the projectile (Horsfall et al., 2010).  The 
nature of the comminuted material involves a complex deformation behaviour and 
transition towards a powdered state. Shih and co-workers investigated the high strain 
rate (~3x104 s-1) deformation behaviour of SiC powder with three different initial 
particle sizes. Powders were subjected to a two stage explosive event, one to densify 
the powder and the second to subject the densified powder to large deformation. The 
coarse (∼50 µm) particle SiC fractured further into smaller particles, however, in the 
medium (∼3 µm) and fine (∼0.4 µm) particle SiC materials, generated localized shear 
bands driven by the rearrangement of powders towards a more efficient packing 
arrangement. The shear band displacement of SiC particles generated very high-
localised temperatures, (calculated to be approximately 2300°C) forming sintered 
bands of densified SiC (Shih et al., 2000). Observations of shear bands have since 
been discovered following ballistic testing in recovered samples of SiC-N (Miller et al., 
2009) and B4C (LaSalvia et al., 2007). 
In contrast to fracture and fragmentation as the defeat mechanism for small-calibre 
threats, high velocity and aspect ratio threats usually consist of a material with 
greater ductility (refer to table 2-1 in section 2.2.2), thus offering a greater resistance 
to fragmentation. Projectile erosion has been reported as being a primary defeat 
mechanism against high aspect ratio, high velocity threats (Gooch Jr 2002) thus 
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requiring a thicker ceramic tile to ensure projectile defeat.  
 
Pickup observed that following dwell, the penetration velocities and erosion rates of 
PAD SiC-B, SiC-100 and an alumina (D975) were equal (Pickup 2005), supporting 
earlier numerical modelling results that reported an insensitivity of internal friction to 
impact performance (Cortes et al., 1992). It is reported that the superior ballistic 
performance of SiC-B is due to a longer dwell phase duration rather the projectile 
erosion during penetration (Pickup 2005). In contrast, in small-scale long rod 
reverse-impact ballistic tests (moving target impacting upon a stationary projectile), 
differences in penetration velocities between characteristically similar SiC samples 
were observed (Lundberg and Lundberg 2005). This is highlighted by the high 
transition velocity and superior dwell performance of SiC-HPN compared with SiC-B 
and SiC-N (figure 2-12). Interestingly, the differences in penetration velocity 
observed within SiC samples investigated by Lundberg had identical fracture modes 
(intergranular), which is believed to offer greater flow resistance and a lower 
penetration velocity compared with transgranular fracture. However, in contrast, 
samples investigated by Pickup and co-workers that recorded no difference in 
penetration velocity, had different fracture modes. Ceramic targets investigated by 
both Pickup and Lundberg had a total thickness of 150 mm and 80 mm respectively, 
significantly greater than that of ceramic thickness typically used within ceramic 
body armour systems to defeat small-calibre AP projectiles. This suggests that for 
thin ceramic targets, differences in penetration resistance following dwell would 
provide an even smaller contribution towards overall ballistic performance than it 
does for the thick targets, where the contribution is still inconclusive. Thus, in efforts 
to enhance the ballistic performance potential of thin ceramic targets against AP 
projectiles, increasing projectile dwell appears to hold the greatest potential.   
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Figure 2-12 Penetration velocities with increasing impact velocities for SiC-B, SiC-N, SiC-SC-1R and 
SiC-HPN. The dotted lines indicate the transition velocity from projectile dwell to penetration. Data from 
(Lundberg and Lundberg 2005). 
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2.5.4 Impact damage characterisation  
In an effort to reveal and investigate differences in impact behaviour, heavily 
confined, excessively thick ceramic samples are typically used as impact targets to 
minimise projectile penetration and ensure interface defeat (ref section 2.6.2). This 
allows for post-impact sectioning and characterisation of the resulting sub-surface 
damage to be undertaken, thus providing a key insight into the damage 
mechanisms governing the on-set of penetration. Sphere impact experiments 
undertaken by LaSalvia and co-workers on SiC, B4C, TiB2 and WC using WC-Co 
spheres revealed a number of key findings that have been attributed to differences 
in transition velocity and ballistic performance, including Mescall zone formation in 
SiC (LaSalvia et al., 2005) and Si3N4 (Shockey et al., 1990) and shear localization 
bands and steep cone cracks in B4C (LaSalvia et al., 2007), shown in figure 2-13. 
Further, characterisation of damage at a range of impact velocities has also 
revealed differences in the penetration on-set velocity and penetration resistance 
that has been attributed to differences in impact damage (Miller et al., 2009) (figure 
2-14). 
 
 
 
 
 
 
 
a b 
SiC-N (1403 m⋅s-1) 
CVC- SiC (1350 m⋅s-1)  
Figure 2-13 Sub-surface 6.35 mm diameter WC-Co sphere-induced impact damage in (a) SiC, 
revealing to formation of a Mescall zone (LaSalvia et al. 2005) and (b) B4C (LaSalvia et al. 2007) 
ceramics at impact velocities of 322 m⋅s-1 and 312 m⋅s-1 respectively. (Reproduced with permission 
from John Wiley & Sons). 
Figure 2-14 Sub-surface impact damage in (a) SiC-N at 1403 m⋅s-1 and CVC SiC at 1350 m⋅s-1 with 
corresponding (c) DOP data with increasing impact velocity showing the differences in the penetration 
on-set velocity (Miller et. al. 2009). (Reproduced with permission from John Wiley & Sons). 
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However, to manufacture thick (> 10 mm) homogenous samples is typically either 
difficult, expensive or beyond the scope of small-scale manufacture of novel ceramic 
materials. Consequently, impact testing on thin ceramic targets is undertaken either 
at relatively low impact velocities to avoid excessive damage e.g.  (Shockey and 
Giovanola 1981), or characterisation is limited to the surface damage only 
(Marschall et al., 2004) due to difficulties retaining sub-surface impact damage 
during sectioning - both of which limited their relevance to ballistic conditions. While 
the use of thin ceramic targets, high velocity impact and examination of the sub-
surface damage have all been attempted; the combination of these factors together 
has never been reported. This is highlighted in figure 2-15 that summarises and 
displays the type of ceramic impact experiments using spheres undertaken in the 
literature, showing the absence of testing on relatively thin (<∼10 mm) samples at 
ballistic relevant impact velocities (>∼700 m⋅s-1).  
 
Figure 2-15 A comparison of sphere impact experiments on ceramic materials. Open and closed circle 
markers represent samples where sub-surface and surface only damage has been examined, 
respectively. Marker sizes correspond to the size of spherical projectiles used
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2.6$ Ceramic$behaviour$upon$indentation$
2.6.1 Indentation testing  
Indentation testing consists of a variety of different indentation techniques, each 
with their individual advantages and applications. Due to the intrinsic high hardness 
associated with armour ceramics, Vickers and Knoop indentation are usually the 
methods of choice. The Vickers indenter consists of diamond square-based pyramid 
with internal angles of 68°. In contrast, the Knoop hardness test consists of an 
elongated diamond indenter with internal angles of 172° and 130° along its length 
and width respectively. A key advantage of the Knoop over Vickers indentation 
profile for ceramic materials is the higher loads that can be applied without 
generating excessive cracking that may obscure the indentation tips and thus 
render the indentation invalid. Guidance to assess the validity of both Knoop and 
Vickers indentations is provided in ASTM standards C1326-08e1  (ASTM 
International standards 2013) and C1327-08  (ASTM International standards 2008) 
respectively. Hardness is recorded by measuring the indentation length (Knoop) or 
the average of the two diagonals (Vickers), typically using a reflected light 
microscope integrated into the hardness testing machine. SEM can also be used 
although no such benefit was found when good reflected light microscopy practice 
was used (Quinn et. al., 2004) 
Hardness measurements are typically undertaken at a range of loads in an effort to 
distinguish subtle differences between ceramic materials from variations in the 
indentation size effect (ISE). The ISE is a widely recognised phenomenon believed 
to occur as a result of the combined effect of a number of test equipment factors 
including, lens resolution limitations, load cell sensitivity and materials factors such 
as elastic recovery, strain rate effects, cracking, work hardening and surface 
dislocation pinning (Buckle 1973). It has been suggested that hardness-load curves 
can be used to provide a measure of the brittleness  (Quinn and Quinn 1997) and 
plasticity (McCauley and Wilantewicz, 2008) of ceramic materials. Further 
examination of the ISE for a range of armour-grade ceramics revealed that 
measured Knoop hardness (HK) values fitted well to a power law curve generated 
using equation 2-1.  
HK = KFC                                                       Equation 2-1 
Where k and c are constants calculated using regression analysis and F is the load.  
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Using the hypothesis that a ceramics transition velocity (as discussed in chapter 
2.4.5) is governed by hardness and the amount of plasticity that the ceramic can 
exhibit, this method was used to estimate a predicted transition velocities, that is 
both difficult and extremely expensive to measure experimentally. Using 
experimentally determined transition velocities for four SiC ceramics, in addition to 
their measured hardness and plasticity values, an equation for predicting transition 
velocity (VT) was generated using least squares analysis, equation 2-2  (McCauley 
and Wilantewicz 2008).  
 
   VT = 28.24[HK(1N)+[-(1/c)] +448.856            Equation 2-2 
    
where, c is the gradient of the line on the logarithmic graphs and HK(1N) is the 
hardness at 1 N.  
Further hardness testing of these SiC ceramics by Hilton and co-workers (Hilton et. 
al., 2012) resulted in an improved correlation to measured transition velocities and a 
refinement of equation 2-2, equation 2-3.   
  
VT = 33.59[HK(1N)+[-(1/c)] +261.42             Equation 2-3 
In an effort to investigate the variability and robustness of this technique, Portune 
and Hilton repeated hardness measurements using both different hardness testers 
and operators, observing that predicted transition velocity values for a number of 
SiC’s were all typically within 3% of their corresponding measured value  (Portune 
and Hilton 2013). However, despite this good agreement, due to the shear 
complexity of ballistic behaviour, it is acknowledged that the validity of relating 
indentation data to ballistic parameters still remains questionable. Further, due to 
the limited amount of experimental transition velocity data available, the relationship 
to predict the transition velocities for other materials remains uncertain. 
Nevertheless, if an indication of ballistic performance and/or behaviour could be 
identified prior to full-scale ballistic testing, then indentation could be become a 
valuable screening technique to accelerate the development process of candidate 
armour ceramics whilst also providing significant economic benefits.  
1.1.1 Sharp indentation behaviour  
Despite the relative simplicity of the testing method, there are a number of 
difficulties and uncertainties associated with hardness testing that need to be 
appreciated in order to obtain consistent and accurate results. This was confirmed 
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following the Versailles Advanced Materials and Standards (VAMAS) round robin 
exercise which yielded large variations in results despite identical samples and test 
methods being used (Quinn et al., 2004). Consequently, hardness testing is still an 
area of active research. Due to the high hardness and low fracture toughness of 
ceramics, indentations are small and the lack of extensive plastic deformation 
results in cracking which can deform the indentation such that accurate 
measurements are no longer possible. The indentation response of ceramics 
therefore varies greatly; an example of this variation in a range of armour-grade 
ceramics under Vickers indentation is shown in figure 2-16.  
Figure 2-16 SEM micrographs highlighting the variation in Vickers indentation behaviour in five armour 
ceramics; tungsten carbide (SWC, KM and CWC), SiC, Al2O3 and B4C (Swab 2004). (Reproduced with 
permission from John Wiley & Sons) 
One area of indentation that is typically overlooked is the accompanying damage, 
particularly sub-surface damage that maybe influencing hardness and indentation 
behaviour. Examination of surface indentation damage is commonly undertaken by 
characterising and measuring radial cracks propagating from the tips of Vickers 
indentations that are used to provide an approximate measure of fracture toughness  
(Palmqvist 1962). However, due to the significant uncertainty of values quoted in 
the literature and number of equations proposed (>30)  (Quinn and Bradt 2007), 
uncertainty in empirical constants (± 25%) (Kruzic and Ritchie 2003) and recent 
critical reviews undertaken  (G. D. Quinn 2008) (Quinn and Bradt 2007), this 
technique appears unsuitable to confidently discern differences in calculated values, 
although an indication of the crack propagation resistance can still be made.  
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In addition to surface radial cracks (figure 2-17), a complex array of different crack 
profiles can exist below the surface, as schematically illustrated in (figure 2-18). 
Significant work to reveal and characterise the sub-surface indentation damage in 
an armour-grade SiC and WC ceramics has been undertaken by Swab (Swab 
2004), which highlighted the importance of understanding the sub-surface 
indentation behaviour by linking damage to the formation of a Mescall zone on 
impact, thus providing a key insight to explain differences in their ballistic behaviour. 
However, despite revealing distinct differences in indentation behaviour, both SiC 
and WC exhibit intergranular fracture and are reported to have a similar hardness 
(∼20 GPa (HK2)), thus the relative importance of indentation behaviour towards 
ballistic performance for ceramics of differing fracture mode and hardness has not 
been investigated.   
Figure 2-17 A confocal laser scanning micrograph of a 9.81 N Vickers indentation in a SiC armour-
grade ceramic  (Hallam 2011) 
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Figure 2-18 A schematic illustration of the different common cracks profiles that can exist 
beneath Vickers indentations in ceramics. 
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A common method to reveal sub-surface indentation damage is the bonded 
interface technique (BIT) that has been undertaken on a range of ceramics 
including;  (XuHockin and Jahanmir 1994)  (Subhash and Zhang 2007) (Subhash 
and Zhang 2007) (Ghosh et al., 2007) (Zhang et al., 2005) (Jana et al., 2004) 
(Latella et al., 1997) (Guiberteau et al., 1994) (Cai et al., 1994) (Lawn et al., 1994) 
(Fischer-Cripps and Lawn 1996) (Fischer-Cripps and Lawn 1996) (Kusunose et al., 
2007)  (Smith and Wei 1995) (She et al., 2002). This technique involves sectioning 
a ceramic sample prior to indentation and polishing the two as-cut surfaces before 
bonding the two surfaces back together using an adhesive. Indentations are then 
placed along the bonded interface (as shown in figure 2-19a) before fracturing the 
sample along its interface to reveal the sub-surface indentation damage. The key 
advantage of this technique is that it is relatively quick and capable of revealing 
damage beneath multiply indentations within a single process. However, the 
bonded interface does not have the same integrity or properties as the intrinsic 
behavior of the monolithic material, thus resulting in a different indentation 
response, as highlighted by the comparison between a homogenous and a bonded 
interface stress distribution beneath a spherical indentation in figure 2-19b (Helbawi 
2001). Another disadvantage is that behavior directly underneath the indenter (akin 
to the Mescall zone formed upon impact (refer to section 2.5.2), which is the area 
typically of the greatest interest) cannot be correctly observed due the presence of 
the adhesive layer. Therefore, owing to the limitations of the BIT approach and the 
small size of Vickers indentations generated in armour-grade ceramics, this 
technique appears both ineffective and unsuitable to reveal the sub-surface damage 
immediately beneath indentations.  
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Figure 2-19 (a) A Vickers indentation positioned on the bonded interface in B4C (Ghosh et al., 2007) 
(reproduced with permission from John Wiley & Sons) and (b) a comparison between a homogeneous 
and bounded interface stress in the stress distribution beneath a spherical indentation (Helbawi et al., 
2001) (reproduced with permission from Elsevier). 
  
Another technique uses serial ceramographic cross-sectional polishing to reveal 
indentation-induced damage. Whilst not as widely reported as the BIT in the 
literature, this approach has successfully been used to reveal indentation crack 
profiles in alumina  (Szutkowska 2012), silicon carbide, boron carbide and tungsten 
carbide (Swab 2004) and silicon nitride  (Lube 2001). Serial ceramographic 
polishing parallel to the indentation surface has also been undertaken  (Lankford 
1981)  (Cook, Braun and Cannon 1994), however this technique is time intensive, 
particular when revealing damage at relatively large depths beneath the surface that 
require a significant amount of material to be removed.  Further, attempts at 
repeating this technique and overlaying 2D micrographs taken at increasing depths 
to generate a 3D visualisation of damage have also been made (Shetty et al., 1985) 
(Keryvin et al., 2009) and shown promise, but typically with limited success due to 
difficulties aligning images on top of one another  (Demirbas 2008). 
 
In an effort to reveal sub-surface indentation damage more efficiently, non-
destructive testing (NDT) techniques have also been investigated, including the use 
of confocal laser scanning microscopy to reveal shallow lateral indentation cracks in 
SiC and SiC-TiB2 composites  (Winn and Yeomans 1995) and indentation and 
impact damage in alumina  (Yeomans and Winn 1996) and ceramic-matrix 
composites (Powell et al., 1993). Whilst being a relatively quick and simple 
characterisation method that has shown to be capable of revealing indentation 
Adhesive bond 
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damage up to a depth of 200 µm using fluorescent die in soda lime silica glass  
(Whittle and Hand 2001), a laser has only been able to penetrate and reveal 
damage features up to a depth of 20µm in SiC (Winn and Yeomans 1995), which 
would be incapable of capturing the complete Vickers crack profile at high 
indentation loads in ceramic materials.  
 
In addition to revealing indentation-induced damage, attempts have also been made 
to provide a quantitative measure of damage to aid comparison of different 
materials, using techniques such as thermal wave imaging  (Smith and Wei 1995). 
Quantifying the extent of indentation damage by the use of flexural strength tests 
have also been made, however, this data would not be fully representative of the 
degree of damage but the sensitivity of damage to propagate a crack normal to the 
axis of loading. An approximation to quantify crack area by rotating surface radial 
cracks about 180 degrees has also been proposed  (Naylor and Page 1981). 
However, this method would only be valid for indentations that exhibit a full-
developed crack system and thus not valid for low load indentations.  
 
Whilst measured hardness and, more recently, plasticity parameters measured and 
derived respectively from indentation experiments have been investigated, relatively 
little attention has investigated potential contribution of the surrounding indentation 
damage with respect to ballistic performance. Although a number of techniques to 
reveal and characterize sub-surface damage have been explored, the intrinsic high 
hardness of ceramic and the subsequent small indentation sizes present significant 
challenges. However, the considerable differences in indentation behavior observed 
in characteristically similar armour-grade ceramics, suggests that examination of 
indentation damage could be used, in combination to hardness and plasticity to 
discriminate differences in potential behavior under ballistic impact. 
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2.7 Ballistic+testing+
The assessment of ballistic performance for ceramic materials is difficult to quantify 
due to large number of variables such as threat, backing material and target 
configuration that effect ballistic performance. Currently there is no standardised 
test method to evaluate ballistic performance of armour materials, thus resulting a 
range of different testing method variations and ballistic parameters (Hoog et al., 
1997) (Woolsey et al., 1989); however, there are two primary testing methods that 
are commonly used. The most comprehensive is the V50 test ,which identifies the 
upper ballistic limit of the ceramic.  This test identifies the mean velocity at which 50 
% of the projectiles perforate the ceramic upon impact at a fixed angle of incidence.  
A V50 is obtained by firing identical projectiles across a range of velocities. The final 
value is determined when the ceramic is perforated by three projectiles, which are 
located near the velocities of three projectiles, which partially perforate.  The mean 
velocity of the 6 projectiles is classed as the V50 velocity, (STANAG 2920, 2003).  
In comparison to the widely used V50 test, V100 and V0 velocities can also be 
determined as the minimum and maximum velocities respectively, at which the 
ceramic is perforated.  Despite enabling full armour systems to be directly 
compared for given threats, this testing method is expensive owing to the number of 
samples and projectiles that are required. Through measuring the ballistic 
performance over a wide velocity range, two different V50 velocities are occasionally 
observed, although this phenomenon is relatively rare. The difference between the 
two velocities is known as the shatter gap and has been attributed to the differences 
in projectile or ceramic (in the case of B4C (Moynihan et al., 2002) (refer to chapter 
2.1)) fragmentation behaviour with increasing impact velocity. 
 
Given the disadvantages of the V50 test, another common method for evaluating 
ballistic performance is the depth of penetration (DOP) test. The DOP technique 
was first developed by Rosenberg and co-workers as a ballistic testing method to 
suppress tensile stresses generated on the rear face, through using a thick backing 
material (Rosenberg et al., 1988). The set-up for DOP testing requires a semi-
infinite backing material behind the target to capture the projectile and measure the 
distance of penetration.  The advantage of the DOP test is that it is relatively 
inexpensive in comparison to the V50 test, enabling the penetration resistance of 
ceramic of similar thickness to be identified and compared, using a smaller number 
of samples, however the primary disadvantage is that the backing material does not 
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closely correspond to that of a fully integrated armour system. Interestingly, a direct 
comparison of the ballistic performance of 2 materials recorded significant 
differences in performance between both V50 and DOP tests (Ray et al., 2005).  
Along with DOP, the same test method can also be used to determine a number of 
other performance values, such as the critical thickness to fracture a projectile core 
(Hazell and Roberson 2005). Alternative methods have been investigated within the 
literature to improve on existing procedures, without compromising accuracy and 
sensitivity.  An alternative test method developed for the US army materials 
technology laboratory, varied the areal density of ceramics until no penetration 
occurred.  This method required fewer shots than the V50 but still maintained a 
similar level of sensitivity (Woolsey et al., 1989). 
In order to improve the resolution of ballistic tests and identify measurable 
differences in ballistic performance between similar materials, thicker samples are 
usually required, particular when evaluating the ballistic performance against high 
velocity threats where the primary defeat mechanism is projectile erosion.  
However, this can be difficult during the development of new materials owing to cost 
and manufacturing constraints. The use of thick samples may also cause difficulties 
to sufficiently penetrate (if at all) the ceramic to record a measurable DOP.      
Additional complexities were also highlighted following a recent study investigating 
DOP for a range of ceramics, concluding that if the projectile core remains 
undamaged following impact, then the DOP is not a measure of ballistic 
performance but the high strain rate hardness of the ceramic. It is therefore 
suggested that fracture and fragmentation of the core is therefore required in order 
to assess the ballistic performance of ceramic materials (Hazell 2010). 
 
Although not explicitly a measure of overall ballistic performance, determination of 
the transition velocity can also be a useful parameter in order to both establish the 
maximum surface stress the ceramic can resist and quantify dwell performance. As 
discussed in chapter 2.3.3, the dwell phase is an important factor towards ballistics 
performance (Wilkins 1968), thus understanding the material parameters governing 
projectile dwell and resistance to penetration are of particular interest. Significant 
experimental work in this area has been undertaken by Lundberg using a reverse 
ballistic impact test (Lundberg 2004) (Lundberg and Lundberg 2005).  
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2.8 Concluding+remarks++
• Increasing the duration of projectile dwell appears to offer the greatest 
potential for improved ballistic performance. Recent work has identified a 
correlation between a ceramics transition velocity and the combination of 
measured hardness and derived plasticity from indentation experiments. 
Further, the preceding damage governing the penetration resistance will also 
be contributing factor to the overall ballistic performance. Significant 
differences in indentation behaviour are apparent in characteristically similar 
ceramic materials; however, limited research has investigated the evolution 
of indentation damage that may hold further insight into ballistic behaviour.  
 
• Defects are widely acknowledged to inhibit plasticity, contribute to premature 
failure and consequently reduced ballistic performance. The use of SPS has 
recently shown promise as a processing route to manufacture ceramics with 
limited porosity, unique microstructures and superior mechanical properties; 
however ballistic performance is currently unknown due to cost and technical 
challenges of samples scale-up and number of samples required for ballistic 
tests.  
 
• Simplified ballistic tests using spheres have been used to retain and 
characterise sub-surface impact damage, revealing distinct differences in 
damage behaviour; however this has typically only been undertake on thick 
samples of commercial material. The combination of sub-surface damage 
characterisation on small, thin samples has not been undertaken at 
velocities relevant to ballistic impact.   
 
• Whilst the widely regarded benchmark ballistic grade ceramic exhibits 
intergranular fracture, the desirable fracture type that effects the resulting 
damage development, in ballistic impact is still inconclusive. Further 
investigation is therefore required to provide direction towards identifying the 
fracture type that holds greatest potential towards maximising ballistic 
performance against AP threats.  
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Following review of the literature, the refined aims of this work are to: 
• Manufacture a range of fully dense, homogeneous Spark Plasma Sintered 
(SPS’d) silicon carbide (SiC) - boron carbide (B4C) ceramic composites. 
• Rank ceramic materials on the their predicted transition velocity as derived 
from Knoop hardness indentation size effect curves 
• Reveal and characterise the evolution of indentation damage. 
• Develop a small-scale high-velocity impact test to reveal and characterise 
the sub-surface damage behaviour responsible for the on-set of penetration 
in thin ceramic targets.  
• Correlate indentation and impact observations with V50 ballistic performance 
data.  
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3 Materials 
3.1 Introduction+
This chapter discusses the powder processing and subsequent manufacture of a 
range of spark plasma sintered SiC-B4C composite ceramic materials. Additional 
materials sourced to complement the SiC-B4C composite samples are also 
discussed.   
3.2 SPS+ceramics+
Four SPS SiC-B4C compositions with 5, 25, 50 and 75 wt. % B4C were processed at 
Nanoforce Technology Ltd. A 100 % SiC was attempted but contained significant 
porosity and thus it was decided not to include that sample in this study. To 
complement the SPS SiC-B4C composites samples, four additional ceramic 
samples were also included. They were: 
1. A SiC doped with AlN (2.5 wt.%) and C (3 wt.%) sourced from Imperial 
College London. This had been specifically designed to form an 
aluminosilicate grain boundary phase to encourage intergranular fracture, 
thus mimicking the fracture behaviour of PAD SiC-N (Swab 2004), the 
current state-of-the-art non-oxide armour grade ceramic (refer to 2.3.2.4). 
The sample was formed from an initial powder mixture of α-SiC (H.C. Stark 
UF-15) and AlN (H.C. STARK grade C) powders and SPSed at 1980 °C 
under 60 MPa with a 10 minute dwell to form a sample with a 60 mm 
diameter and 6 mm thickness. Further processing information and sintering 
data for this sample can be found elsewhere (Ur-Rehman 2012).  
2. A pressure-less sintered (PS) SiC (with a small addition of boron carbide as 
a sintering aid) manufactured by Saint-Gobain Ltd. This sample was used to 
investigate the effect of porosity on indentation and impact behaviour. 
Sintering conditions of this commercial PS SiC are proprioratory to Saint 
Gobain Ltd and therefore not reported. 
3. A 60 mm diameter, 6 mm thick SPS B4C processed at 2000° C and 60 MPa 
using a HD20 B4C starting powder grade purchased from H.C. Stark, 
Germany.  
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4. A 60 mm diameter, 6 mm thick SPS SiC- 5 wt. % B4C processed at 1980°C 
and 60 MPa using SiC (UF10) and B4C (HD03) starting powders from 
H.C.Stark, Germany. This sample will now be referred to as SiC- 5wt.% B4C 
(M). 
The complete list of ceramics with accompanying processing conditions is shown in 
table 3-1.  
 Table 3-1 The processing routes and sintering conditions used for ceramic materials under 
investigation in this study. 
 
3.3 SPS+SiCEB4C+powder+processing+++
Commercially available powders of SiC (UF10) and B4C (HD20) purchased from 
H.C.STARK, Germany were used as starting materials. Specifications for each 
powder grade are reported in Table 3-2. The HD03 B4C powder grade used in the 
SiC-5 wt. % B4C sample, as discussed in chapter 3.2, was not available at the time 
for use within this study, thus HD20, with a smaller starting powder size, was used. 
Secondary electron (SE) scanning electron microscope (SEM) micrographs (JEOL-
7100F) of gold-coated (2 nm thick) as-received SiC and B4C commercial powders 
dispersed onto a metallic stub are shown in figures 3-1 and 3-2 respectively. 
Initially, ball milling of SiC- 50 wt. % B4C using 150 g of cylindrical SiC (10 mm Ø x 
15 mm) milling media, purchased from Morgan Technical Ceramics, in 500 ml 
polyethylene terephthalate (PET) bottles containing 200 ml of ethanol for durations 
of 6, 12 and 24 hours was investigated. Each powder composition was mixed in 
batches of 100 g (80 g for a 60 mm diameter x 8 mm sample and 20 g for powder 
analysis). However, examination of a polished surface taken from a single 20 mm 
diameter sintered sample from each powder batch identified insufficient powder 
mixing. Powders compositions were therefore placed in 0.75 l polyurethane 
Ceramic sample Processing route Temperature 
(°C) 
Pressure 
(MPa) 
SiC- 5 wt.% B4C (M) SPS 1980 50 
SiC- 5 wt.% B4C  SPS 1980 50 
SiC- 25 wt.% B4C SPS 1980 50 
SiC- 50 wt.% B4C  SPS 1980 50 
SiC- 75 wt.% B4C SPS 1980 50 
B4C SPS 2000 50 
SiC-AlN (2 wt.%)-C (3 wt.%) SPS 1980 60 
PS SiC PS - - 
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containers with 0.2 l of ethanol and 150 g of SiC cylinders in a planetary ball-milling 
machine (QM-35P2 Nanjing University Instrument Plant, China) and mixed for 4 
hours at 200 rpm, changing direction of rotation every 15 minutes whilst inclined at 
approximately 10° to ensure sufficient movement of the cylindrical media and, thus, 
mixing of the powder. Milling media were weighed before and after milling. No loss 
of milling media that may contaminate the powder was recorded. Mixtures were 
then dried for 24 hours in air on a heated plate at 100°C prior to sieving the mixture 
using a sieve shaker with a 250 µm mesh size. 
 Table 3-2 SiC and B4C starting powder characteristics  
 
Powder Grade Theoretical 
density  (g⋅cm-3) 
Particle size (µm) Specific 
surface area 
(m2/g) D10 D50 D90 
SiC UF-10 3.21 1.8 0.7 1.25 9-11 
B4C DH20 2.52 0.1-0.3 0.3-0.6 0.9-1.25 22-27 
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Figure 3-1 SEM secondary electron micrographs of SiC (UF10) and B4C (HD20) powders. 
3.4 SPS+Processing++
Attempts to manufacture 60 mm diameter samples of SiC-B4C composites were 
unsuccessful due to modifications made to the SPS ram following the manufacture 
of similar SiC-B4C compositions as part of a larger study. 60 mm diameter sample 
sizes were originally chosen as this size is reported to be the minimum tile size (for 
a centre hit) for which ballistic performance is not influenced by the proximity of the 
sample edge (Hazell et al., 2009) (Hazell et al., 2008). However, it is believed that 
the recently installed copper-beryllium ram in the SPS furnace cooled faster than 
the previous steel ram thus requiring more current to maintain a constant 
temperature, which resulted in the furnace power limit being exceeded and an 
automatic abort being triggered during the sintering process. In an effort to increase 
the resistance of the die configuration, additional graphite spacers were added; 
however, due to the limit set by the available space between the rams, complete 
sintering cycles using the same sintering parameters for each SiC-B4C composition 
could not be achieved on a consistent basis.  In addition, samples that had 
undergone the complete sintering cycle were, on occasion, found with a fractured 
20 µm 1 µm 
1 µm 20 µm 
SiC 
B4C 
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die and/or the sample was fractured itself. Therefore, in an effort to reduce the risk 
of exceeding the furnace power limit and number of graphite dies and samples 
fracturing, it was decided to downscale to 20 mm diameter samples, manufacturing 
two samples for each SiC-B4C composition.  
Powder mixtures were transferred into graphite dies with an internal diameter of 20 
mm and lined with 0.34 mm thick graphite paper (LeCarbonne, UK) to ensure a 
uniform electrical contact was maintained throughout all parts of the die and to 
avoid the sample adhering to the graphite die during sintering. A photograph and 
schematic illustration of the die configuration is shown in figure 3-2. Once in the die, 
the powder was cold pressed to 3 tons (9.4 MPa) using a hydraulic press prior to 
wrapping the die in carbon insulating foam to reduce heat loss. The die assembly 
was then inserted into the SPS furnace (HPD 25/1 FCT Systeme, GmBh). An initial 
force of 35 kN was applied to maintain an even electrical contact across the die. A 
photograph of the SPS furnace and a similar die configuration during the sintering 
process is shown in figure 3-3.  
The temperature, measured from the top thermocouple, was increased from room 
temperature to 1300 °C at 50 °C/min where it was held for 10 minutes before 
increasing to 1980 °C where the temperature was again held for a further 14 
minutes. The die was allowed to cool at its natural rate. A uniaxial 5 kN force was 
applied for 28 minutes before increasing to 16 kN at 1.8 kN/min where it was held 
for a further 22 minutes until the onset of cooling, when the force decreased to 5 kN.  
The sintering schedule for all SiC-B4C composite samples is shown in figure 3-4.  
Upon removal from the furnace, the graphite paper surrounding each sample was 
removed by grinding by hand using a 250µm diamond grinding wheel.  
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Figure 3-2 A photograph and accompanying schematic cut-away illustration of the SPS die and 20 mm 
diameter sample configuration. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-3(a) A photograph of the SPS HPD-25/1 FCT furnace based at NanoForce Technology 
Limited, Queen Mary University, London (Queen Mary University of London 2013) and (b) a modified 
photograph of a similar SPS die configuration taken during the sintering process (Julie M. Schoenung 
Research Group 2013) (reproduced with permission from Dr. Baolong Zheng). 
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Figure 3-4The pressure and temperature SPS profile used to manufacture all SiC-B4C composites 
samples. 
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4 Experimental details  
4.1 Introduction+
This section presents the details of each experiment, including; ceramic sectioning, 
density measurement, ceramic preparation, Knoop and Vickers indentation, small-
scale impact and ballistic testing.  
4.2 Ceramic+sectioning++
As-received 60 mm diameter ceramic samples were cut and sectioned using a 
Struers Discotom-2 diamond saw. Due to the novel nature of the samples produced, 
material within the centre of the 60 mm diameter samples were examined to provide 
the best possibility of a fully dense microstructure in order to examine the true, 
intrinsic behaviour of the material. An indication of the characterised sections 
relative to the original as-received sample is provided in figure 4.1. 20 mm diameter 
samples were sectioned along their thickness using a Struers Accutom precision 
cut-off machine and a section (10 x 5 x 3 mm) removed from the centre.  
 
 
 
 
Figure 4-1 A modified photograph showing the locations of specimens taken relative to the original 60 
mm diameter, 6 mm thick lapped SPS sample disc for density measurement and indentation 
characterisation. 
4.3 Density+
Prior to mounting the specimen, density measurements for each ceramic specimen 
were determined by Archimedes’ immersion method using a Sartorius LA230 
microbalance.  De-ionised water was used as the immersion fluid and was kept at a 
constant temperature of 20 °C throughout the duration of the test.  Dry specimens 
were first weighed before submerging the specimen and recording the mass.  Care 
was taken to ensure no air bubbles formed during submersion and the balance was 
allowed to settle to a stable value before recording the weight. 
10)
mm 
 
 
  
 
Specimen for 
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Density (ρ) was calculated using equation 4.1. 
  Equation 4-1 
  
 
where, Wa is the weight of the specimen in air, Wl is the weight of the specimen in 
fluid and ρl is the density of the fluid (recorded as 0.998 g cm-3 at 20°C).    
The solubility of B4C in SiC and SiC in B4C is reported to be minimal (< 2 wt%) 
(Secrist 1964) thus theoretical densities (TD) were calculated using the rule of 
mixtures taking the TD of SiC, B4C, AlN and C as 3.210 g cm-3 (Harris 1995), 2.520 
g cm-3 (Pierson 1996), 3.26 g cm-3 (ANCeram GmbH & Co n.d.) and 2.267 g cm-3 
(Blackman 1960), respectively.   
4.4 Ceramic+preparation+
Ceramic sample sections were mounted within a mix of 15 ml of epoxy resin 
(Struers EpoFix) and 2 ml of hardener (Struers EpoFiX). A small amount of alumina 
powder (BDH Chemicals) was added to the mix to reduce the hardness difference 
between the mounting medium and ceramic specimen to improve the surface 
uniformity during the polishing process. A typical 60 mm diameter sectioned 
ceramic sample mounted in the alumina reinforced epoxy resin is shown in figure 
4.2. Mounted samples were levelled and polished using a Struers Pedemax 
polishing wheel. Details of the fine grinding and polishing schedule consisting of 
different abrasive surfaces within varying levels of coarseness are provided in table 
4.2.  
 
 
 
 
 
 
Figure 4-2 A photograph of a polished section of a 60 mm diameter sample surface mounted in an 
alumina-reinforced epoxy resin. 
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Table 4-1 Grinding and polishing schedule used on all mounted ceramic specimens prior to 
characterisation. 
Stage Polishing surface Suspension 
type 
Dosing Load 
(N) 
Speed 
(rpm) 
Time 
(min) 
1 MD-Piano 600 (10 µm) Water Constant 90 300 1 
2 MD-Pan (6 µm) Dia Pro Plan Every 30 sec 90 300 4 
3 MD-Pan (1 µm) Dia Pro Plan Every 30 sec 90 150 4 
4 MD-Chem OP-S Constant 30 150 10 
 
4.5 Indentation+behaviour+
4.5.1 Knoop hardness 
Knoop hardness was measured using a FM-100 micro-hardness tester (FUTURE-
TECH CORP) at loads of 0.98, 1.96, 2.94, 4.91, 9.81 and 19.62 N at ambient 
conditions in accordance with ASTM standard C1326-08e1 (ASTM International 
2008) with an approximate dwell time of 15 seconds. A diamond indenter was 
chosen due to the high hardness of armour ceramics. An additional 2 kg load was 
purchased from FUTURE-TECH CORP to measure hardness at 19.6 N. Prior to 
testing the indenter was calibrated against a standardised reference material. 
Measurements were carried out less than 30 seconds after each test using the 
graticule integrated into the hardness tester with a 50x magnification objective lens. 
Low load indentations (0.98 and 1.96 N) were also measured using a SEM (Hitachi 
S4000) to compare and validate the measurements recorded using a reflected light 
microscope. The indenter was cleaned in ethanol after indenting each material. 10 
valid indentations were measured and hardness values recorded after each 
indentation prior to determining the mean hardness over 10 indentations. Knoop 
hardness (HK) is calculated using equation 4-2. 
!" = 0.014229!× ! !!!! !!   Equation 4-2 
where HK is the Knoop hardness (GPa), P is the indentation load (N) and dk is the 
length of the major indentation diagonal (mm).  
A semi-quantitative measure of plasticity was determined by plotting log(HK) 
against log(P) to obtain the gradient of the ISE curve in each sample. As discussed 
in chapter 2.6.1, the gradient of the ISE curve has been reported to provide a semi-
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quantitative measure of plasticity (McCauley and Wilantewicz 2008), which, in 
addition to hardness, has shown to correlate with the transition velocity (TV) 
determined for a number of SiC armour grade ceramics (Lundberg and Lundberg 
2005). Note that plasticity in this context refers to the extent at which hardness 
decays with indentation load in the predominantly plastic region. Predicted transition 
velocity values were calculated and ranked using equation 4-3 (Hilton et al., 2013).  
TV =33.59 [Hardness (1 N) + (1/c)] + 261.42                  Equation 4-3 
where c represents the gradient of the ISE curve.  
4.5.2 Vickers hardness 
Vickers hardness measurements were made in accordance with ASTM C-1327-08 
using the same hardness tester, indentation loads, dwell time and measuring 
procedure detailed in section 4.5.1. Vickers hardness (HV) is calculated using 
equation 4-4 by measuring the average of the two diagonal lengths (dv).  
!"! = 0.001854!× !!!!       Equation 4-4 
where P is the indentation load (N) and dv is the mean diagonal length (mm). 
4.5.3 19.62 N Vickers indentation cross-sectional damage   
To reveal and examine the depth of damage directly beneath 19.6 N Vickers 
indentations, samples were cross-sectioned parallel to the axis of loading through 
the indentation mid-point. Samples were first cut perpendicular to the indented 
surface before indenting the sample approximately 100 µm from the sample edge. 
Arrays of five indentations were generated perpendicular to the sample edge; with 
each indentation offset approximately 10 µm in the y-direction and 50 µm in the x-
direction to one another (see figure 4-3). This spacing is greater than that 
recommended to determine hardness values in ASTM C-1327-08 and thus 
indentations are considered independent. The sample was then ground until 
approximately 20 µm from the indent to avoid imparting additional damage from the 
grinding media, before carefully polishing towards the indent until damage 
immediately below the mid-point of the indentation was revealed. Indentation 
damage was imaged using a reflected light microscope at x50 magnification. A 
graphical illustration of the technique used to efficiently reveal sub-surface damage 
across a number of indentations in a variety of samples is shown in figure 4-3. 
Further details of the grinding and polishing procedure are provided in Appendix B. 
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Staggered indentations across each 
material 
 
 
 
 
 
Figure 4-3 A modified photograph showing the array and distribution of 19.62 N indentations 
positioned to simultaneously reveal the sub-surface damage behaviour across different ceramic 
materials within a single grinding / polishing procedure. Indentations shown are not to scale.  
4.5.4 Serial ceramographic polishing  
To efficiently characterise the sub-surface indentation behaviour across a number of 
different materials, samples were mounted together as approximately 5 x 5 mm tile 
specimens (refer to figure 4.1). Confidently quantifying the amount of material 
removed via serial polishing can be difficult. In an effort to reduce this uncertainty, 
19.6 N Vickers indentations were positioned as reference points around the range 
of indentation arrays under examination within each material. After each polishing 
step the diagonal lengths of the reference indentation were measured using a 
reflected light microscope to determine the depth of material removed. Subsequent 
indentations were made when the diagonal lengths could no longer be measured. In 
an attempt to overcome the difficulty of aligning images that has proved problematic 
in previous reported attempts (Demirbas 2008), low magnification micrographs were 
made of each indentation array to record the distance and orientations of 
indentations relative to a sample edge datum point. Indentations at each load were 
serial sectioned using the polishing procedure detailed in Appendix B to reveal 
damage at increasing depths of approximately 2 µm increments, to minimise 
information lost between polishing steps. Damage at each depth was imaged using 
a reflected light microscope (Olympus SZ – Zeiss Axiophot) at 50x objective. 
Micrographs at each load and depth were individually imported into ImageJ, a post 
analysis image processing program to both generate a 3D visualisation of sub-
surface damage and to attempt to provide a semi-quantitative assessment of the 
evolution of damage (fracture) with increasing load. Slight amendments to the 
threshold value were made to capture all indentation-induced damage before 
quantifying the damaged area using the particle analyser function. This was 
repeated at all depths and indentation loads across all materials. This step-wise 
process to semi-quantify indentation-induced damage is graphically illustrated in 
y 
x 
Polished face to 
reveal cross-
sectional 
indentation 
damage 
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figure 4-4. The area highlighted in red (figure 4.4b) represents the recovered area of 
damaged material. The scale was converted from number of pixels to micrometres 
(1 µm = 6.926 pixels), prior to recording the calculated damage area at each depth 
in an MS Excel spreadsheet to determine the volume of damaged material. A 3D 
visualization of indentation-induced damage was created by individually removing 
the background of each 2D micrograph leaving only the area of damage material. 
Each modified image was then again imported into ImageJ to generate an image 
stack before creating a 3D profile.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-4(a) An example of the sequence of images and steps used to quantify indentation damage at 
a given depth, from (a) the original reflected light micrograph of damage approximately 7 μm below a 
9.81 N Vickers indentation in SiC-5 wt.% B4C to (b and c) setting a threshold to capture all indentation-
induced damage and (d) the areas used compute the total damage area. 
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4.6 Indentation+fracture+resistance+++
Fracture resistance was quantified by measuring radial crack lengths propagating 
from the tips of Vickers indentations. Measurements were made from the 
indentation mid-point to the crack tip in 9.81 and 19.62 N Vickers indentations using 
an SEM (JEOL 7100) in SE imaging mode at magnifications between x1300 and 
x2200. Average radial cracks were measured from five indentations. Higher 
magnification images were first undertaken to determine the crack tip location. 
Measurements of radial crack lengths in SiC- 5 wt. % B4C, SiC- 25 wt. % B4C and 
PS SiC could not be made due to the extent of surface damage resulting in more 
than one distinguishable radial crack propagating from each indentation tip.  
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4.7 Impact+testing+
4.7.1 Introduction  
As highlighted in chapter 2-7, the ballistic performance assessment of a ceramic 
material is complex, time-consuming and expensive. In addition to the limited 
number of small samples used within this study, the assessment of the ballistic 
response presents significant additional challenges. Due to both the cost and 
technical complexity of manufacturing a number of large SPS samples of each 
composition, assessing and quantifying the ballistic performance of each SiC-B4C 
composition, via either DOP or V50 techniques reported in chapter 2-7, is beyond 
the scope of this project. Therefore, this section discusses the development of a 
simplified, small-scale impact test to reveal and characterise the impact-induced 
damage in each ceramic in an attempt to identify some of the deformation 
mechanisms governing the on-set of penetration.  
4.7.2 Impact damage characterisation  
Limited by both the cost and complexity of ceramic sample scale-up and the desire 
to extract ballistically relevant impact information on low cost small-scale samples, 
the manufacture of a large number of thick SPS ceramic samples was beyond both 
the scope and objective of this study. However, in order to activate strain-rate 
dependent damage mechanisms relevant to ballistic impact, impact conditions 
similar to those experienced under small-arm impact need to be generated. To 
achieve this, high velocity impact is required, which presents additional challenges 
for thin ceramic targets (as highlighted in chapter 2.5.4) and thus requires a different 
set-up to both reveal and characterise the resulting impact damage. Firstly, instead 
of a commercial bullet, a smaller, simpler projectile was required. For this test, a 3 
mm diameter ball bearing was chosen due to its simple profile, wide availability and 
compromise between the generation of a large enough impact crater to aid 
sectioning without resulting in excessive damage to a small target at high impact 
velocities. However, in order to fire a non-standard projectile size from a gas gun 
barrel, a sabot is required. 
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4.7.3 Sabot design and manufacture  
4.7.3.1 Introduction  
To fire a projectile with a diameter smaller than that of the bore of a gun barrel, a 
sabot is required. A sabot is a component that makes up the differences in diameter 
between the projectile and the gun barrel to increase the projectile muzzle velocity. 
Due to the non-standard projectile size and the requirement for the sabot to split 
and separate from the projectile, it was decided to design and manufacture a sabot 
specifically for the requirement.  This section discusses the design and manufacture 
of a sabot to fire a 3 mm diameter spherical projectile from a 5.56 mm diameter gas 
gun barrel.  
4.7.3.2 Sabot design  
A variation of an expanding cup sabot that separates and releases the projectile in 
flight was chosen. To fire a 3 mm diameter ball bearing from a 5.56 mm diameter 
gas gun barrel, a partially split sabot with a spherical cavity was designed, 
consisting of chamfered edges that act as an aerodynamic flare to split the sabot in 
two in flight.  A computer aided design (CAD) (Solid Edge) model revealing a 
sectioned view of the final sabot design, with ball bearing projectile inserted, is 
shown in figure 4-5. A technical drawing of the sabot design is provided in Appendix 
C.   
 
Figure 4-5 A CAD model (SOLID EDGE) showing a cross-sectioned view of the sabot design 
containing the inserted ball bearing projectile. 
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4.7.3.3 Sabot manufacture  
Nylon rods 6 mm diameter (Direct Plastics Ltd) were milled down to 5.52 mm (+/- 
0.02) using a lathe. A 3 mm diameter ball nose drill was used to create the cavity to 
house the ball bearing projectile. A 45-degree chamfer was then generated to act as 
the aerodynamic flare to aid separating the sabot in flight. To partially split the 
sabot, a jig was created using a razor blade attached to a bench press to allow the 
sabot to be split without losing any material that would otherwise occur via cutting 
(figure 4-6a and b). This will ensure a cleaner separation of the sabot in flight. The 
sabot was housed within an adjustable steel holder already containing a split. 
Spacers were added to position the sabot in the holder such the end split position 
coincided with the maximum length of travel of the bench press to ensure a 
consistent cutting depth across all sabots. A photograph of the finished sabot is 
shown in figure 4-6c.  
 
 
Figure 4-6(a) A razor-blade cutting jig constructed to partially split the sabot and (b) a close up 
photograph of the sabot holder used to consistently control cutting depth and (c) the finished sabot 
ready to test. 
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4.7.4 Impact target design 
Five different target and projectile combinations were investigated (figure 4-7) in an 
attempt to impart sufficient damage directly beneath the point of impact to enable 
direct comparisons between samples, whilst still retaining a clearly defined impact 
crater and integrity of the damaged sample to aid sample recovery and 
sectioning.15 PS SiC samples were sectioned into 3 mm thick targets and mounted 
in a alumina-reinforced resin (as previously described in section 4.3) with and 
without being bonded using araldite to a 20 mm diameter x 10 mm thick stainless 
steel backing. Sectioning nominally 7 mm thick tiles into 3 mm thick targets was 
undertaken in an attempt to double the number of available targets from SiC-B4C 
composite samples. However, if impact damage was deemed too extensive within 
the controllable velocity range, 6 mm thick samples were also manufactured without 
steel backings. Each mounted target configuration was polished to a 1µm surface 
finish (using the polishing scheduled detailed in appendix B). 3 mm diameter WC 
and steel ball bearings (Dejay Distribution Ltd) were used as projectiles 
(specifications detailed in appendix C). Impact damage was visually inspected to 
assess the suitability of each target configuration to undergo further sub-surface 
characterization, based upon the size (if visible) of the impact crater and 
surrounding level of damage.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-7 Impact target configurations investigated; (1) WC sphere on 3 mm sample, (2) WC sphere 
on steel backed sample, (3) WC on 6 mm thick sample, (4) steel sphere on 3 mm sample and, (5) 
steel sphere on 3 mm steel backed sample (the chosen configuration). 
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The final design configuration consisted of a 3 mm thick ceramic sample bonded 
under the pressure of a G-clamp to a stainless steel backing using araldite. This 
was then mounted in an alumina-reinforced epoxy resin and polished to a 1-
micrometer surface finish to ensure impact damage is clearly identifiable from the 
surrounding material. The target was then placed within a 30 mm diameter 
polypropylene pipe clamp (RS Components Ltd) to provide additional confinement 
and support. A 30 mm diameter 5 mm thick steel washer was also placed in front of 
the target. This was used to ensure that in the event of any off-target shots, the 
projectile would strike the steel washer (figure 4-8) and not the edge of ceramic 
and/or interface to the surrounding mounting, thus ensuring only valid shots are 
recorded.  A CAD model of the final target configuration design is shown in figure 4-
9.   
 
 
Figure 4-8 A photograph of an invalid, off-centre firing of a 3 mm diameter steel ball bearing that has 
been embedded in the steel washer positioned to protect the ceramic target.   
 
The target assembly was then placed on a jack, against a steel backing and 
secured with G-clamps to a surrounding steel mounting fixture prior to testing (figure 
4-10). Steel ball bearings and accompanying sabots were positioned in a single 
stage gas gun (Sabre Ballistics) located approximately 2.5 m from the target and 
fired at the maximum operating pressure attainable (300 bar) with velocities 
calculated by two light screens separated by approximately 2 m at Dstl, Porton 
Down. In addition to the samples under investigation in this study, a further 10 
impact-mounted test samples were assembled using PS SiC as the ceramic 
material to aid and optimise the alignment of the target and gas-gun, helping 
maximise the number of centre strikes upon SPS SiC-B4C samples of which there 
were a limited number.  
 
Ball bearing 
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Figure 4-9 A CAD model (SOLID EDGE) of the final impact test configuration showing (a) the impact 
target configuration and (b) the target inserted into the pipe clamp to complete the assembly. The pipe 
clamp and epoxy resin is shown as translucent to reveal the internal target configuration. 
 
 
Figure 4-10 A schematic illustration showing the impact test set-up. Red arrows represent G-clamp 
fixing positions. Not to scale. 
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4.7.5 Revealing impact damage  
Following impact, samples were removed from the pipe clamp and sputter-coated 
with 2 nm of gold before imaging the impact surface using a SEM (JEOL-7100F) in 
SE detector mode with the electron beam voltage varying between 10 and 15 kV to 
optimise image quality. Micrographs of surface and sub-surface (where possible) 
impact damage were taken at magnifications of x120 and x25 to aid direct 
comparisons. Higher magnification micrographs were taken of damage features and 
areas of interest on each sample. To capture, quantify and compare the impact 
crater profile and approximate average depth in each sample, surface profilometry 
was undertaken using a stylus profilometer (Dektak 8, Veeco Instruments). Data 
was imported into MS Excel and plotted as a surface profile across the impact 
crater mid-point to determine the average depth using the surrounding undamaged 
polished surface as a datum. Attempts to impregnate the impact site with resin 
whilst still retaining visibility of the impact crater location were unsuccessful. 
Samples were therefore carefully aligned and sectioned using a Struers Accutom 
precision cut-off machine using a 0.6 mm thick diamond-cutting wheel at 0.015 
mm/min across the sample, intersecting the impact site such that damage directly 
beneath the mid-point of the impact crater was revealed (figure 4-11). The revealed 
impact surfaces were then coated with 2 nm of gold before further SE SEM 
micrographs were taken of the sub-surface impact damage at variety of 
magnifications to capture damage features at different length scales.  
 
 
 
 
 
 
 
 
Impact crater 
Figure 4-11 Two modified SEM micrographs aligned to show the careful sectioning through the 
mid-point of an impact crater to reveal the sub-surface damage. 
 73 
4.8 Ballistic+testing++
V50 ballistic testing was undertaken on lapped 60 mm diameter, 6 mm thick targets 
bonded to a 250 mm x 250 mm x 8 mm S2 glass composite backing (figure 4-12) 
using a 7.62 x54R B32 API Mk2 surrogate projectile (refer to table 2-2), chosen due 
to its relevance as a threat to UK armed forces. Eight targets of B4C and SiC-AlN-C 
and seventeen targets of SiC-5 wt. % B4C were tested. Ballistic assessment of PS 
SiC and SiC-B4C composites samples could not be made due to the limited number 
of small samples available. The target assembly was arranged as shown in figure 4-
13, using sky screens to determine the impact velocity. Estimated V50 values were 
calculated using the Dstl Critical Performance Analysis (CPA) software tool that 
using the R statistical software package (R Core Team 2012). The CPA tool 
calculates the V50 values using Probit statistical methods (Firth 1993) (Finney, 
Probit Analysis 1971) (McCullagh and Nelder 1983) using the bias reduction 
estimation procedure for the standard generalized linear model introduced by Firth 
(Firth 1993). The use of binary outcome data ensures that this method generates, 
meaningful standard errors and confidence values.!
 
 
 
 
 
 
 
 
Figure 4-12 Schematic diagram of target assembly. 
 
 
 
 
 
 
 
 
Figure 4-13 Schematic diagram of ballistic test layout. 
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5 Results and discussion  
5.1 Introduction++
This section presents the density and microstructural characterisation of each 
sample followed by their Knoop and Vickers hardness and indentation behaviour. 
Finally, indentation and impact-induced damage is compared and contrasted. 
Results for SiC-5 wt.% B4C (M), B4C and SiC-AlN-C are then compared and 
discussed with their V50 ballistic performance.    
5.2 Ceramic+sample+characterisation+
5.2.1 Density 
Density measurements for all ceramics under investigation are presented in table 5-
1. All SPS SiC-B4C ceramics have a density of 97% or greater with respect to their 
theoretical densities (TDs).  These are similar to SPS SiC-B4C composites reported 
in the literature (Karandikar et al., 2013) (Sahin et al., 2012), although significantly 
higher than those of similar compositions of HP SiC- (5, 10, 15 wt.%) B4C (Keceli et 
al. 2009) that have reported TDs between 77 and 80 %. Density measurements 
consistently recorded as being above that of the theoretical value for SiC-5 wt.% 
B4C suggests that either an insufficient amount of B4C has been added or an 
element of a higher atomic mass than SiC or B4C is present. PS SiC records the 
lowest density (97 %), as expected given the absence of pressure during 
manufacture, closely followed by SiC-75 wt.% B4C (97.3 %).  
Table 5-1 Summary of measured densities of each ceramic sample. 
Material Density (g⋅cm
-3) 
(±0.001) TD (g⋅cm
-3) % (TD) 
SiC-5 wt.% B4C (M) 3.208 3.175 101.0 
SiC-5 wt. % B4C 3.165 3.175 99.7 
SiC- 25 wt. % B4C 2.974 3.037 98.0 
SiC-50 wt. % B4C 2.825 2.865 98.6 
SiC-75 wt. % B4C 2.620 2.692 97.3 
B4C 2.486 2.52 98.8 
SiC-AlN-C 3.133 3.18 98.5 
PS SiC 3.144 3.2 97.0 
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5.2.2 Microstructure 
A direct comparison of back-scattered (BS) electron micrographs of polished 
surfaces of each sample at identical magnifications is shown in figure 5-1. Light and 
dark grey areas represent SiC and B4C phases, respectively. Higher magnification 
(x1000) micrographs of each sample are provided in appendix D.   
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Figure 5-1 A comparison of BS SEM micrographs of each ceramic sample at identical magnifications. 
SiC-5 wt.% B4C  SiC-25 wt.% B4C  
SiC-50 wt.% B4C SiC-75 wt.% B4C 
B4C SiC-5 wt.% B4C (M) 
SiC-AlN-C PS SiC 
30 µm 
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All composite samples show a homogeneous distribution of phases suggesting that 
the powder compositions are well mixed, with only a small amount of agglomeration 
evident (~10-15 micrometres in diameter) in SiC- 50 wt. % B4C (figure 5-2). No 
observable porosity was evident on the polished surfaces of SiC- (5, 25 and 50 
wt.%) B4C samples. Only a small number of sub-micrometre sized pores were 
present in B4C and SiC-75 wt.% B4C (highlighted by the yellow arrows in figure 5-
3a). Micrometre sized (1-5 µm) pores was observed throughout the PS SiC sample. 
 
Figure 5-2 BS SEM micrographs showing agglomerated (a) SiC and (b) B4C particles in SiC-50 wt.% 
B4C.  
 
Figure 5-3 Porosity present in (a) SiC- 75 wt. % B4C (highlighted by the yellow arrows) and (b) a sub-
micrometre pore in B4C.   
The bright phase homogenously distributed throughout the SiC- 5 wt. % B4C (M) 
sample (figure 5-4) suggests that a material with a higher mean atomic number than 
SiC and B4C is present, which is consistent with the higher TD reported in table 5-1. 
Energy dispersive X-ray (EDX) spectroscopy spot analysis reveals this bright phase 
to be zirconium rich (figure 5-5a and 5-5b). 
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Figure 5-4 A low magnification BS SEM micrograph showing the homogeneous distribution B4C and 
the zirconium rich (white) phase within the SiC matrix. 
 
 
Figure 5-5(a) A BS SEM micrograph showing the bright phase and (b) corresponding point (highlighted 
by orange marker in 5-5a) EDX spectrum showing the presence of zirconium as the predominant 
element. 
 
 
 
a b 
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Figure 5-6(a) A BS SEM micrograph and corresponding (b) EDX map showing the distribution of the 
element zirconium throughout the sample. 
A possible explanation for this zirconium-rich phase is the ZrO2 milling media used 
during the powder processing. The higher hardness of the SiC and B4C grains 
appear to have generated fragments of ZrO2 within the SiC and B4C rich powder. 
From hereinafter, this sample will be referred to as SiC-5 wt.% B4C-ZrO2. Whilst this 
phase was unplanned, intentional additions of ZrO2 have been shown to improve 
the flexural strength of SPS SiC (Anggraini et al., 2011) as well as hardness 
(Subramanian et al., 2008) and densification (Roy et al., 2006) (Kim et al., 2000) of 
PS B4C. However, attempts to investigate this phase as an 8 wt.% addition (to 
match a patented composition (Ashkin and Palicka 2010) that attributed the addition 
of ZrO2 to improved ballistic performance compared with SiC-N) as discussed in 
chapter 2.3.2.4) into each SiC-B4C composition could not be achieved due to SPS 
processing difficulties that inhibited samples completing a full processing cycle. 
The combination of high theoretical densities and the homogenous distribution of 
phases in these samples, suggest that these are of a suitable quality to progress 
forward to indentation and impact characterisation. 
 
 
 
a b 
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5.3 Indentation+behaviour+
5.3.1 Knoop Hardness  
Figure 5-7 presents Knoop hardness values from 0.98 – 19.6 N for all ceramic 
materials under investigation in this study, with the corresponding Log10 HK as a 
function of Log10 F graph shown in figure 5-8. All samples exhibit an indentation size 
effect (ISE) (i.e. a variation of hardness with load), albeit of varying magnitude. At 
the lowest indentation load (0.98 N), B4C as expected, shows the highest hardness 
followed by SiC –(75, 50 and 25 wt. %) B4C composites and finally SiC- 5 wt. % 
B4C, SiC-B4C-ZrO2, PS SiC and SiC-AlN-C that all measure very similar low load 
hardness. With increasing load, B4C and SiC-AlN-C exhibit the largest ISE with a 
37% and 34% decrease in hardness over the load range investigated, respectively 
compared with only 20 % for SiC-B4C–ZrO2 which exhibits the smallest ISE. As a 
result, the 9.8 N Knoop hardnesses of B4C and SiC-B4C– ZrO2 are almost identical. 
The PS SiC sample containing ~ 3 % porosity exhibits a 26 % decrease in 
hardness, greater than SPS SiC- (5, 25, 50 wt. %) B4C and SiC-B4C-ZrO2 samples 
that all record a higher relative density. A similar observation comparing a 
pressureless sintered and a hot-pressed SiC with different amounts of porosity has 
been made by (Wilantewicz et al., 2008), albeit each sample exhibited a different 
fracture mode. Due to differences in the magnitude of each ISE, the Knoop 
hardness at 19.62 N, the recommended load at which to compare the hardness of 
armour ceramics (Swab 2004), all SiC-B4C composites measure a higher hardness 
than B4C, with SiC- (50 and 75 wt. %) B4C samples greater than any other ceramic 
armour material at 19.62 N reported in the literature, only matched by Verco B4C 
(Vargas-Gonzalez et al.,  2010) (refer to table 2-2). The ISE curves typically fit the 
power law relationship reasonably well with R2 values for SiC- (5, 25, 50, 75 wt. %) 
B4C and B4C samples ≥ 0.98 with the exception being SiC-AlN-C, SiC-B4C-ZrO2 
and PS SiC with R2 values of 0.95, 0.92, and 0.95, respectively. The lower Knoop 
hardness of SiC-AlN-C correlates with the lower hardness compared with B doped 
SiC reported by (Rendtel et al., 2008). Whilst it is acknowledged that ‘true’ hardness 
is only measured in the absence of cracking, it is widely regarded that cracking is an 
integral part of the indentation process and thus a common occurrence surrounding 
hardness indentations in ceramic materials.  
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Figure 5-7 Knoop hardness as a function of indentation load for each ceramic displaying differences in 
their indentation size effect. 
 
Figure 5-8 Log10 HK as a function of Log10 F graph for each ceramic. The gradient of the line 
represents a measure of the plasticity of the material. 
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5.3.1.1 Plasticity parameter  
Indentation size effect curves for each sample were quantified using the method 
described in section 4.5.1 to provide a semi-quantitative measure of plasticity. A 
stacked column graph comparing Knoop hardness HK (0.98N) and “plasticity’ 
values for each material is shown in figure 5-9. 
 
Figure 5-9 A stacked column graph comparing the product of “HK(0.98 N) + Plasticity” for each 
ceramic material ranked in ascending order. 
SiC-B4C composites all have very similar “hardness+plasticity” values, greater than 
those of B4C, PS SiC and SiC-AlN-C ceramics. SiC-B4C-ZrO2 displays the smallest 
ISE and thus, the highest plasticity parameter (13.5), closely followed by SiC- 5 
wt.% B4C. Both SiC-B4C-ZrO2 and SiC-5 wt.% B4C display comparable hardness 
and plasticity values highlighting the close simularity between these materials, 
despite the larger B4C starting powder size and small ZrO2 addition. Although B4C 
records the highest low load Knoop hardness, in combination with the lowest 
plasticity value (6.8), its predicted transition velocity and thus potential dwell 
performance ranks below that of the SiC-B4C composite ceramics. It is 
acknowledged that these values are approximate and that a level of uncertainity in 
the determination of the semi-quantitified measure of plasticity using this method is 
present, however, this method  has only been used to provide an estimation of the 
ranking and potential dwell performnace for each material. 
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In attempting to provide a comparison with a commercial armour ceramic, predicted 
transition velocity values were compared with PAD SiC-X1, the latest variant in a 
series of PAD ceramics that are widely regarded to be the world –leading non-oxide  
armour ceramics (refer to section 2.3.2.4). Data for PAD SiC-X1 is provided as an 
average from hardness measurements taken from three different operators (Hilton  
et al., 2012). Ranking of hardness, plasticity and predicted transition velocities for 
each ceramic, with comparison with PAD SiC-X1 is provided in table 5-2. 
Table 5-2 Ranking of hardness, indentation 'plasticity' and predicted transition velocities for each 
ceramic with comparison against PAD SiC-X1. 
 
Based on this analysis alone, all of the SPS SiC-B4C composites appear to exhibit a 
greater potential, as armour materials, in terms of their ability to sustain dwell 
compared with B4C, PS SiC and PAD SiC-X1 ceramics, with SiC-AlN-C 
demonstrating the lowest potential. However, to provide further insight into their 
behaviour under indentation, in an effort to provide greater relevance to behaviour 
under impact, it is necessary to examine the type, extent and evolution of 
indentation-induced damage.  
 
 
 
 
 
 
Ceramic material R2 
HK 
(0.98 N) 
Plasticity 
HK + 
Plasticity 
Trans. Vel. 
(m⋅s-1) 
SiC-50 wt.% B4C 0.99 28.4 11.2 39.5 1590 
SiC-5 wt.% B4C 0.98 26.0 13.0 39.0 1570 
SiC-75 wt.% B4C  0.98 29.5 9.4 38.9 1560 
SiC-25 wt.% B4C  0.98 27.9 10.9 38.8 1560 
SiC-5 wt.% B4C -ZrO2 0.92 25.3 13.5 38.8 1560 
PAD SiC-X1 0.94 26.1 11.5 37.6 1523 
B4C 0.99 30.5 6.8 37.3 1510 
PS SiC 0.95 26.5 10.0 36.5 1490 
SiC-AlN-C 0.95 25.9 7.8 33.7 1390 
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5.3.2 Indentation damage 
5.3.2.1 Surface indentation damage 
Whilst the profile of indentation in each ceramic is similar, subtle differences may 
exist in the surface indentation behaviour. Indentations were examined to quantify 
the load at which surface cracking is first evident. Intergranular fracture within 
indentations of SiC-AlN-C appears to initiate at approximately 1.96 N followed by 
cracking near the indentation tips in B4C at 2.94 N.  The threshold load for surface 
cracking appears highest for SiC-5 wt. % B4C, with cracks propagating from the 
mid-point of indentations appearing at 4.9 N. The observation of three different 
types of crack appearing at different locations and loads highlights the differing 
response to indentation between ceramics of nominally similar hardness. Closer 
examination of indentations at 4.9 N in SiC-B4C composites show a transition in the 
dominant surface crack location with increasing B4C content, from cracking at the 
indentation mid-point (figure 5-10a) to cracking near the indentation tips (figure 5-
10d). Surface damage was not apparent in either SiC- 25 wt. % B4C or SiC- 50 wt. 
% B4C ceramics (figure 5-10b and c) until 9.81 N.  
 
 
Figure 5-10 Examples of typical 4.9 N Knoop indentations within (a) SiC-5 wt. % B4C, (b) SiC- 25 wt. % 
B4C, (c) SiC- 50 wt. % B4C and (d) SiC-75 wt. % B4C ceramics showing a transition from cracking at 
the mid-point to cracking at the tips of indentations with increasing B4C content. The black arrows 
highlight cracks. 
In an effort to quantify the change in crack behaviour with increasing B4C content, 
the average number and locations of visible surface cracks from 20 x 19.62 N 
Knoop indentations in each sample were recorded, with results presented against 
hardness (figure 5-11).  As the level of B4C content increases, the number of cracks 
visible at the indentation tips increases until a total of four cracks (two either side of 
the indentation tip) are consistently visible in all 9.81 N indentations in B4C. Despite 
a d b c 
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the increase in number of visible surface cracks, Knoop hardness continues to 
increase with B4C content until SiC-50 wt. % B4C, with the only significant decrease 
in hardness observed in B4C. In contrast, cracks propagating from the indentation 
midpoints increased in number with decreasing B4C content and hardness. No 
cracks at the indentation midpoints were observed in either SiC-75 wt. % B4C or 
B4C at this load. Whilst surface indentation damage may reveal subtle differences in 
ceramic indentation behaviour, in an effort to discriminate further differences, 
damage generated sub-surface needs to be revealed.   
 
Figure 5-11 The relationship between visible surface cracks propagating from the (a) mid-points and 
(b) tips of 9.81 N Knoop indentations in B4C and SiC-B4C composites and hardness. 
   
a 
b 
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5.3.2.2 Sub-surface indentation-induced damage revealed by serial 
ceramographic polishing   
To reveal sub-surface damage, serial cermographic polishing was undertaken (as 
described in chapter 4.4.4) on B4C, SiC-AlN-C and SiC-B4C-ZrO2 samples to 
capture indentation damage at increasing depths (figure 5-12). These three 
materials where selected for more detailed investigation due to their differences in 
hardness, indentation behaviour and availibility for ballistic testing. 
 
Figure 5-12 An array of reflected light microscope images showing the sub-surface Knoop indentation 
induced damage in B4C at six increasing depths. 
Overlaying micrographs captured at different depths enables a 2D projection of the 
sub-surface crack profile to be visualised (figure 5-13). The sub-surface damage in 
B4C shows a well-defined crack profile, consisting of a lateral crack that intersects 
with surface cracks emanating from near the indentation tips. In contrast, the sub-
surface crack profile in SiC-B4C-ZrO2 is not as clearly defined (figure 5-13).   
Significantly greater damage is also present beneath the indentation tips in B4C 
than SiC-B4C-ZrO2, which correlates with previous observations of surface damage 
(figure 5-14). Cracks also appear to propagate more steeply directly beneath the 
indentation in B4C than SiC-B4C-ZrO2, as evident in figure 5-14 comparing sub-
surface indentation damage at similar depths. It therefore appears that the greater 
extent of fracture in addition to the steeper angle at which cracks propagate 
beneath the indenter are possibly contributing to the lower hardness in B4C than in 
SiC-B4C-ZrO2 at 19.62 N. In contrast, no lateral cracks are evident in SiC-AlN-C, 
with damage solely confined to the indentation profile only.   
Increasing depth 
O
riginal indent 
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In an effort to further distinguish differenced in behaviour by generating a greater 
extent of damage, Vickers indentation was undertaken.   
 
 
 
Figure 5-13 A series of overlaid reflected light micrographs taken at subsequent increasing depths to 
highlight and compare the sub-surface 19.62 N Knoop indentation damage profile in B4C, SiC-B4C-
ZrO2 and SiC-AlN-C ceramics. 
 
Figure 5-14 Reflected light micrographs of sub-surface Knoop indentation damage at 19.62 N in (a) 
B4C and (b) SiC-B4C-ZrO2 taken at identical depths of 7 µm. 
 
 
 
B
4
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5.3.3 Vickers indentation 
5.3.3.1 Vickers hardness  
Figure 5-15 presents the Vickers ISE curves for each ceramic material. SiC- 75 
wt.% B4C and SiC – 50 wt.% B4C exhibit the highest 19.62 N hardness of 28.5 GPa 
and 28.0 GPa, respectively; values which are higher than B4C under both Knoop 
and Vickers indentation. Whilst the ISE curves follow a similar profile to Knoop 
indentation, all samples exhibit a Vickers hardness at 19.62 N which is higher than 
the Knoop hardness at the same load. This has been previously attributed to 
differences in elastic recovery between the two indentation geometries (Gong et al., 
2002). SiC-AlN-C exhibits the lowest hardness at 19.62 N, closely followed by PS 
SiC. This matches the hardness ranking under Knoop indentation and further 
supports the view that intergranular fracture and porosity are detrimental to 
hardness.   
 
Figure 5-15 Vickers hardness as a function of load for each ceramic material. 
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5.3.3.2 Vickers indentation surface damage 
Figure 5-16 displays SEM micrographs of 19.62 N Vickers indentations in SiC–5 wt. 
% B4C, SiC–25 wt. % B4C, SiC–50 wt. % B4C and SiC–75 wt. % B4C samples. With 
increasing B4C content, a greater extent of microcracking at the indentation tips is 
present, similar to that observed under Knoop indentation, accompanied by a 
tendency to exhibit a kinked radial crack. Furthermore, a greater extent of closely 
spaced micro-cracks exists in B4C (figure 5-17) than in SiC-B4C composites (figure 
5-18), which exhibit very little surface micro-fracture.  
In stark contrast to B4C and SiC-B4C composites, SiC-AlN-C exhibits a varied 19.62 
N Vickers indentation response, as summarised in figure 5-19. Indentations ranged 
from well-defined and valid hardness indentations that display extensive plastic 
deformation and grain boundary micro-cracking (figure 5-19a and b), to material up-
lift and ejection from beneath the centre of the indentation (figure 5-19c and d) and 
extensive fragmentation (figure 5-19e and f). This behaviour suggests that SiC-AlN-
C has a lower residual strength in the region immediately beneath the indentation 
compared with the other samples studied, as the elastic recovery of the material 
surrounding the indentation upon indenter unloading is sufficient to overcome the 
strength of the compressive damaged material and eject it from its original sub-
surface position. A similar observation was first reported by Ur-Rehman (Ur-
Rehman 2012). In contrast, this behaviour was only observed in SiC-5 wt. % B4C-
ZrO2 when the indentation load exceeded approximately 98 N (see figure 5-20), 
suggesting that SiC-B4C-ZrO2 has a significantly higher residual strength of the 
indentation-induced damaged material than SiC-AlN-C. A direct comparison 
between the 19.62 N Vickers indentation response in SiC-5 wt. % B4C, SiC-50 wt. 
% B4C, B4C and SiC-AlN-C is shown in figure 5-21.   
 
 90 
 
Figure 5-16 SE SEM micrographs showing the 19.62 N surface indentation damage in SiC-5 wt. % 
B4C, SiC- 25 wt. % B4C, SiC- 50 wt. % B4C and SiC- 75 wt. % B4C samples. The yellow boxes indicate 
locations of the higher magnification micrographs. 
 
SiC- 5 wt. % B4C  
SiC- 25 wt. % B4C  
SiC- 50 wt. % B4C  
SiC- 75 wt. % B4C  
2 µm 20 µm 
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Figure 5-17 SEM micrographs showing the 19.62 N surface indentation damage in B4C consisting of a 
high-density array of closely spaced micro-cracks. 
 
Figure 5-18 SEM micrograph of a 19.62 N Vickers indentation in SiC-B4C-ZrO2 tilted at 45° to reveal 
extensive plastic deformation. 
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Figure 5-19 V
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Figure 5-20 SE SEM micrographs showing the Vickers macro-indentation response in SiC-5 wt. % B4C 
at loads of 29.4, 49.5, 98.1, 196.2 and 294.3 N showing (a) a well-defined valid indentation at 29.4 N. 
(b) Evidence of fracture immediately beneath the indentation. (c) Material ejection scattered around the 
indentation and (d - h) material ejection retained within the indentation profile and spallation revealing 
sub-surface lateral cracks  (Ur-Rehman 2012).  
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Figure 5-21 A collation of 19.62 N Vickers indentation segments in (a) SiC-5 wt.% B4C, (b) SiC-50 wt.% 
B4C, (c) B4C and (d) SiC-AlN-C. 
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5.3.3.3 Indentation crack propagation resistance 
 
Radial crack lengths propagating from 9.81 N and 19.62 N Vickers indentations in 
SiC-AlN-C, B4C, SiC-25 wt. % B4C, SiC-50 wt. % B4C and SiC-75 wt. % B4C are 
shown in figure 5-22, with accompanying data provided in table 5-3. No statistically 
significant difference in average Vickers indentation radial crack length was 
measured between B4C and SiC-B4C samples. Radial crack lengths normalised 
against indentation diagonals reveal that SiC-B4C samples exhibits a greater crack 
propagation resistance for a given indentation size than B4C at 9.8 N, although it 
was not possible to distinguish this difference at 19.6 N (figure 5-23). In contrast, 
radial crack lengths propagating from SiC-AlN-C indentations were between 5 - 10 
µm shorter. This difference is largely attributed to the crack-deflecting intergranular 
fracture path, as shown in figure 5-24, compared with transgranular fracture for all 
the other samples. 
 
Figure 5-22 Average radial crack lengths for 9.81 N and 19.62 N Vickers indentations in SiC-25 wt. % 
B4C, SiC-50 wt. % B4C, SiC-75 wt. % B4C, B4C and SiC-AlN-C samples. 
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Table 5-3 Mean radial crack lengths from 9.81 N and 19.8 N Vickers indentations. 
1 Sample Radial crack length (µm) (±1 SD) 
9.81 N 19.62 N 
2 SiC-AlN-C 38 (± 4) 60 (± 2) 
3 SiC-25 wt. % B4C 44 (± 1) 71 (± 3) 
4 SiC-50 wt. % B4C 43 (± 1) 70 (± 2) 
5 SiC-75 wt. % B4C          45 (± 2) 69 (± 3) 
6 B4C     46 (± 3)                        70 (± 1) 
 
Figure 5-23 Radial cracks lengths normalised against indentation diagonal lengths for 9.81 N and 
19.62 N indentations in SiC-25 wt. % B4C, SiC-50 wt. % B4C, SiC-75 wt.% B4C, B4C and SiC-AlN-C. 
 
Whilst singular transgranular radial cracks were observed propagating from all 
Vickers indentations tips in SiC-B4C composites, a staggered array of disconnected 
radial cracks were evident in SiC-B4C on two occasions. Interestingly, this 
observation has previously been observed in a B4C-SiC composite (figure 5-25b) 
and attributed as a crack toughening mechanism (Du et al., 2014), however, due to 
both the rarity of this observation and the multiple surface cracks that exist on 
indentation in this sample, the effect of this feature on crack length is not believed to 
be significant.  
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Figure 5-24(a) A radial crack propagating from the corner of a 19.62 N Vickers indentation in SiC-AlN-
C highlighting the intergranular fracture mode and (b) the crack tip location. 
 
 
Figure 5-25(a) A SE SEM micrograph showing the array of disconnected cracks observed propagating 
from a radial crack in SiC-5 wt.% B4C-ZrO2 and (b) a similar observation in B4C-15 wt.% SiC (Du et al., 
2014) (reproduced with permission from Elsevier). 
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5.3.3.4 Vickers indentation sub-surface damage 
 
Figure 5-26 presents an array of reflected light micrographs showing the sub-
surface indentation damage beneath 19.62 N Vickers indentations in each ceramic 
sample revealed using the methods discussed in section 4.4.3. 
SiC-B4C composites all reveal a similar sub-surface damage profile dominated by 
radial cracks. In contrast, damage in SiC-AlN-C and B4C takes the form of a hemi-
spherical volume of concentrated damage and extensive median cracking, 
respectively.  
 
The sub-surface indentation behaviour beneath 19.6 N Vickers indentations in B4C 
is dominated by two large perpendicular-intersecting median cracks that propagate 
to a depth of approximately 85 µm (figure 5-27). This behaviour was observed 
beneath all indentations examined at 19.6 N. Acoustic emission was audible during 
all Vickers indentations at 19.6 N in B4C. This could not be heard in any other 
sample or at any other load and could be associated with the formation of the 
dominant median crack on indenter loading. Lateral cracks approximately 10-30 µm 
below the surface were also visible.  
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Figure 5-27 Sub-surface indentation damage beneath a 19.6 N Vickers indentation in B4C moving from 
the edge to the mid-point of the indentation. Original indent size is highlighted in red. 
A scanning electron micrograph of a similar 19.62 N Vickers indentation in B4C to 
that shown in (figure 5-28) shows the two intersecting median cracks running along 
the indentation diagonal (figure 5-28a). The sub-surface hemispherical plastic zone 
(figure 5-28b) positioned directly beneath the indentation extends to an 
approximately depth of 22 µm beneath the surface. Further examination reveals this 
zone consists of a concentrated region of microcracking, generating fine fragments 
approximately one micrometre in size (figure 5-28c).  
 
 
 
Figure 5-28 A SE SEM micrograph of the indentation-induced damage beneath a 19.62 N Vickers 
indentation in B4C showing (a) the large dominant median and lateral cracks and (b and c) the 
extensive fragmentation present in the hemi-spherical compressively damaged zone. 
 
Similar to B4C, SiC-AlN-C also exhibits extensive microfracture directly beneath the 
indentation, however; in contrast, damage in SiC-AlN-C is confined almost entirely 
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to the hemispherical plastic zone, with only short lateral and median cracks 
extending beyond this zone. A direct comparison highlighting the differences 
between the sub-surface Vickers indentation response in SiC-AlN-C and B4C is 
shown in figure 5-29. Interestingly, the formation of a small concentrated region of 
damage under indentation such that observed in SiC-AlN-C, is attributed to the 
superior ballistic performance of SiC-N compared with WC of comparable hardness 
due the greater tendency of SiC-N to form a Mescall zone under impact.      
 
Figure 5-29 A direct comparison of the sub-surface indentation-induced damage beneath the mid-point 
of Vickers indentations at 19.62 N in B4C and SiC-AlN-C. 
 
In contrast to the dominant median cracking in B4C and concentrated damage zone 
in SiC-AlN-C, SiC-B4C-ZrO2 exhibits a halfpenny crack profile that propagates to a 
maximum depth of approximately 95µm (figure 5-30a), although damage 
immediately beneath the indentation mid-point is significantly shallower, 
approximately 30 µm (figure 5-30c), comparable to the depth measured in SiC-AlN-
C. However, whilst the extensive fragmentation within the hemispherical 
compressively damage zone is easily removed during the sectioning and polishing 
process in both SiC-AlN-C and B4C samples, material beneath SiC –B4C-ZrO2 
(figure 5-30c) and SiC – 50 wt. % B4C (figure 5-31 and 5-32) Vickers indentations 
remains in situ, suggesting greater residual strength following indentation.  This 
difference in the apparent damage zone strength maybe, in part, responsible for the 
higher Vickers hardness at 19.62 N in SiC- 50 wt. % B4C compared with B4C. It is 
therefore believed that the greater extent of amorphization in B4C, compared with 
SiC-50 wt. % B4C, is responsible for the reduction in strength of the material 
beneath the indenter and, consequently, hardness. A summary of Vickers 
indentation damage features and behaviour is shown in table 5-4.  
19.62 N Vickers indenter 
SiC-AlN-C  B4C  
84 μm 
25 μm 
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Figure 5-30 Sub-surface indentation damage beneath a 19.6 N Vickers indentation in SiC-5 wt.% B4C-
ZrO2 moving from the edge to the mid-point of the indentation. Original indent size is highlighted in red. 
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Figure 5-31 A SE SEM micrograph of 19.62 N Vickers indentation in SiC-50 wt.% B4C oriented at 45° 
showing the compressively damaged zone beneath the indentation 
 
Figure 5-32 (a) Reflected light micrographs showing the cross-sectional damage immediately beneath 
the mid-point of a 19.62 N Vickers indentations in SiC-50 wt. % B4C with reference to the surface 
indentation profile, and (b) a higher magnification (x50) image of damage zone retained in situ. 
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Sub-surface 
Lateral crack 
Retained 
damage zone 
a 
b 
25 µm 
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Table 5-4 A Summary of Vickers indentation damage features and behaviour. 
Sample Indentation crack profile Hemispherical damage zone behaviour 
B4C Intersecting median cracks. 
Depth ∼84 µm. 
Extensive fragmentation evident. Material 
removed during polishing process.  
SiC-AlN-C Hemispherical damage zone. 
Depth ∼25 µm 
Extensive fragmentation evident. Material 
removed during polishing process. 
SiC-B4C-ZrO2 Half penny crack. ∼95µm depth. 
∼30 µm beneath mid-point.  
Material retained in situ during polishing process 
 
5.3.3.5 Vickers indentation damage revealed through serial ceramographic 
polishing  
Overlaid micrographs of Vickers indentation damage taken at increasing depths in 
B4C, SiC-AlN-C and SiC-B4C-ZrO2 are shown in figure 5-33. Whilst two intersecting 
median cracks are evident in B4C, the damage profile in SiC-B4C-ZrO2 is less 
clearly defined, revealing a number of lateral cracks. As observed under Knoop 
indentation, the subsurface damage in SiC-AlN-C is largely confined to the surface 
indentation profile, with the exception of small radial cracks propagating from the 
indentation tips.  
 
Figure 5-33 Overlaid micrographs of 19.6 N Vickers indentation damage in B4C, SiC-AlN-C and SiC-
B4C-ZrO2. 
To capture the change in damage profile with increasing depth, indentation 
micrographs were captured at each depth and collated together to generate a 3D 
visualization of damage. Figure 5-34a presents a 3D volume of damage for a 19.62 
N Vickers indentation in SiC-AlN-C comprising of 27 separate individual 
micrographs (figure 5-34b). 3D visualizations of 19.62 N Vickers indentation 
B4C SiC-5 wt.% B4C-ZrO2 SiC-AlN-C  
50 µm 
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damage presented as both a plan view and orientated 10˚ from the horizontal are 
shown in figures 5-35. An array of Vickers indentation damage images for each 
sample and load is shown in figure 5-36 with accompanying individual 2D-slice 
micrographs for each depth and sample at 19.62 N provided in appendix E. Note, 
for illustration purposes, images for SiC-AlN-C in figure 5-36 are not presented at 
the same scale as the other materials. 
 
Figure 5-34 An image montage of SiC-AlN-C showing (a) a 3D visualisation of damage oriented 10 
degree to the normal and (b) an exploded view showing the separate individual layers. 
3D visualizations of damage in each sample, apart from SiC-AlN-C, comprise of a 
relatively similar damage profile, consisting of radial and lateral cracks near the 
surface to a narrow central column of damage before finally increasing as the 
damage approaches the maximum damage depth. It is postulated that the damage 
profile mimics that of the halfpenny crack, which cannot be completely captured due 
to insufficient crack resolution. Further, it is also acknowledged that while the 
indentation response observed may differ between materials, particularly with 
respect to SiC-AlN-C, this does not necessary suggest that a particular damage 
feature does not exist under a different loading condition. All materials, apart from 
SiC-AlN-C, appear to exhibit a median and half penny crack within the load range 
investigated. Whilst in SiC-AlN-C, under these loadings, damage is dominated be a 
hemispherical concentrated region of damage beneath the indentation, the short 
radial and median cracks also observed indicates that a similar median and half 
30 µm 
 105 
penny damage pattern may develop but at a slower progression and at a higher 
indentation load. Further characterisation of sub-surface damage beneath 
indentations at higher loads than used in this study would need to be undertaken to 
confirm this.  
In an effort to quantify subtle differences in indentation behaviour, a measure of the 
volume of damaged material was approximated for each load and sample (5-37). 
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Figure 5-35 An array of 19.62 N Vickers indentation sub-surface damage images shown as (a) a plan 
view and (b) oriented at 10° from the horizontal. 
B4C 
SiC-5 wt.% B4C 
SiC-25 wt.% B4C 
SiC-50 wt.% B4C 
SiC-75 wt.% B4C 
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Figure 5-36 An array of 3D Vickers indentation damage for each ceramic and load 
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A plot of the approximate Vickers indentation damage volume with increasing 
indentation load is shown in figure 5-37. SiC-AlN-C (red line) shows an almost linear 
increase in damage with increasing indentation load. However, in contrast, for 
indentation loads between 0.98 – 2.94 N in all other samples, a slower increase in 
damage volume, believed to be due to the greater extent of plasticity (rather than 
fracture) dominating the indentation response at low loads is observed. All these 
samples exhibit a non-linear but comparable increase in damage beyond 4.9 N. It is 
also postulated that the higher measure of damage in PS SiC is due to the inherent 
porosity in the sample that is interacting with indentation damage and thus 
increasing the apparent damaged area that is recorded.  
Figure 5-37 Approximate Vickers indentation damage plotted against indentation load for each ceramic 
sample. 
 
Plotting the measured damaged areas as a function of increasing depth for 19.62 N 
indentations in each ceramic (figure 5-38) highlights the difference in damage profile 
between SiC-AlN-C (red line) and the remaining ceramics that fracture 
transgranulary. Owing to the approximate symmetrical damage volume beneath 
SiC-AlN-C, this plot also replicates that of the indentation damage profile (red line). 
The large damaged area recorded at shallow depths in B4C represents the lateral 
cracks previously shown in figure 5-35, although, interestingly, not present during 
previous serial sectioning of a similar indentation (figure 5-33) suggesting a 
variability in indentation behaviour.  
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Figure 5-38 Vickers indentation damage plotted against indentation damage depth for each ceramic 
sample. 
To further investigate the evolution of indentation damage, figure 5-39 presents a 
plot of the approximate indentation damage depth with increasing load, showing two 
different types of behavior, as represented by the bands in figure 5-39. Initially, SiC-
AlN-C measures the greatest indentation damage depth (∼10µm) at 0.98 N, 
however with increasing load the rate of damage depth is significantly shallower, as 
previously indicated in figure 5-29 that directly compares the sub-surface damage 
beneath 19.62 N Vickers indentation in SiC-AlN-C and B4C. This is further 
highlighted in figure 5-40 that presents indentation damage depth plotted against 
Log10 F, which reveals that the rate of damage depth increase in SiC-AlN-C is 
approximate 1/3 of that recorded for the transgranularly fracturing samples. This 
implies that SiC-AlN-C may also exhibit a slower propagation of damage away from 
the impact site and possibly a lower penetration velocity of a projectile after the 
transition velocity has been exceeded, which would correlate with the rate of 
penetration under impact recorded for two ceramics that have different fracture 
modes (SiC-N and TREX, refer to section 2-15 (Miller et al., 2009). Impact 
experiments have revealed that SiC-N shows a greater penetration depth at low 
impact velocities but a lower penetration depth at high impact velocities compared 
with TREX SiC that exhibits transgranular fracture. Impact penetrations depths 
reported by Miller and co-workers have only been recorded for two materials with no 
accompanying ballistic performance data, thus differences in the evolution of 
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damage and penetration on ballistic performance is still unknown, although the 
acknowledge state-of-the-art ballistic performance of SiC-N compared with the un-
proven chemical vapor deposition TREX sample suggests that SiC-N is the superior 
armour material. Further investigation would therefore required to determine the 
sensitivity of each damage mechanism on penetration resistance during the ballistic 
event. However, Interestingly, a similar relationship between the impact behavior of 
SiC-N and TREX SiC is observed under indentation in this study with SiC-AlN-C 
showing a greater indentation damage depth at low indentation loads but a 
shallower damage depth at high loads compared with the samples that fracture 
transgranulary, suggesting that a similar behavior would be observed under impact.  
Whilst a valuable insight into the evolution of sub-surface damage has been 
acquired, the significant time required to reveal, capture and analyse each 
micrograph practically limits the technique to one indentation at each load and 
material. Examination of further indentation would ideally need to be undertaken to 
confirm and determine the uncertainty in these relationships.  
 
 
Figure 5-39 Approximate Vickers indentation damage depth as a function of indentation load in each 
ceramic sample. The dotted lines represent the two different types of behaviour. 
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Figure 5-40 Approximate Vickers indentation damage depth plotted against Log10 F(N) for each 
ceramic sample. The dotted lines represent the two different types of behaviour. 
 
 
5.3.4 Indentation summary 
 
Examination of the indentation response has identified significant differences in the 
hardness and fracture behaviour of the samples investigated in this study. Whilst 
SiC-AlN-C records the lowest Knoop hardness and predicted transition velocity, 
exhibiting a varied indentation behaviour consisting of extensive sub-surface 
fragmentation, it also demonstrates the highest crack propagation resistance and 
lowest damage depth increase with indentation load. In contrast, the SiC-B4C 
samples exhibit the highest Knoop hardness and predicted transition velocity 
values, in addition to exhibiting an apparent greater residual strength of the 
compressively damage material following indentation. It is predicted that a similar 
difference in damage behaviour would be observed under impact, with a greater 
concentration of fragmentation observed beneath the projectile in SiC-AlN-C 
compared with B4C and SiC-B4C samples. Further, it is also predicted that despite 
the high crack propagation resistance and slow damage development in SiC-AlN-C, 
for a thin target, the significantly higher hardness and predicted transition velocities 
of both SiC-5 wt.% B4C-ZrO2 and B4C would dominate the response on impact and 
thus demonstrate superior ballistic performance.  
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5.4 Impact*damage***
5.4.1 Introduction 
This section discusses and compares the surface and sub-surface spherical-
induced impact damage, with particular focus on B4C, SiC-AlN-C and SiC-5 wt.% 
B4C-ZrO2 ceramics that will be ballistically tested. At least one valid impact was 
recorded for each ceramic composition, however, in some cases, due the 
combination of the extent of damage generated and size of the impact site, 
retainment of the impact crater during sectioning was not possible. Surface impact 
features for B4C, SiC-AlN-C, PS SiC and SiC-B4C composite ceramics are 
presented followed immediately by, where possible, the accompanying sub-surface 
damage. A discussion comparing and contrasting these damage features with 
indentation behaviour is presented at the end of the chapter along with a prediction 
of ballistic performance. Additional images of impact damage are provided in 
Appendix C.   
5.4.2 B4C  
5.4.2.1 Surface impact damage  
A SE SEM micrograph of the impact surface of a B4C sample impacted at 720 m·s-1 
is shown in figure 5-41. 
 
Figure 5-41(a) a photograph of a B4C sample post impact accompanied by a (b) SE SEM micrograph 
of the impact crater generated following impact at 720 m⋅s-1. 
 
 
 
100 µm 
720 m⋅s-1 
a 
b 
 113 
SEM examination reveals an impact site consisting of an outer impact crater with a 
secondary inner crater that is recessed approximately 12 µm from the edge of the 
adjacent outer impact crater. Closer examination shows relatively little micro-
cracking within the inner crater directly beneath the point of impact (figure 5-42a), 
with extensive radial and concentric cracks evident within the outer impact crater, 
figure 5-42b, highlighted by a light phase shown in figure 5-43a. Energy dispersive 
electron (EDX) analysis reveals this light phase to be iron-rich (figure 5-43b) 
indicating that the steel sphere has been deformed under pressure into the micro-
cracks generated on impact. 
 
Figure 5-42(a) SEM micrographs showing the limited micro-cracking present directly beneath the point 
of impact compared with (b) extensive radial and concentric ring cracks adjacent to the impact mid-
point. 
 
Figure 5-43(a) A BS SEM micrograph showing the light phase contained within the micro-cracks with 
accompanying (b) EDX spot analysis that reveals the presence of iron. Approximate EDX spot analysis 
location is highlighted in red.  
A comparison of SEM micrographs of damage in B4C at different impact velocities is 
shown in figure 5-44. Surface damage following impact at 720 m·s-1 and 758 m·s-1 
exhibits an inner impact crater of approximately 320 µm and 362 µm in diameter, 
respectively, with the outer impact crater remaining relatively intact. In comparison, 
720 m⋅s-1 720 m⋅s-1 a b 
10 µm 50 µm 
720 m⋅s-1 a b 
2 µm 
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impact at 719 m·s-1 reveals a significantly smaller inner impact crater (~225 µm in 
diameter) with no outer impact crater remaining. Given that the greatest extent of 
spalling corresponds to the lowest impact velocity, it is postulated that the formation 
of a smaller inner impact crater diameter is due to variations in the near surface flaw 
distribution (akin to Hertzian crack formation), resulting in a steeper dominant cone 
crack angle and thus greater tendency for removal of the surrounding material.  
Closer examination of the cone crack fracture surface adjacent to the impact crater 
(figure 5-45a and b) reveals features representing thin shards of B4C (figure 5-45c).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-44 SEM micrographs of impact craters generated in B4C at velocities of 719 m·s-1, 720 m·s-1 
and 758 m·s-1. 
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Figure 5-45 SEM micrographs showing the location of shards of B4C that are present on the surface of 
cone cracks adjacent to the impact crater at 720 m·s-1. 
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10 µm 
a 
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10 µm 
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Additional SEM micrographs of these features are shown in figure 5-46. The size of 
the features range between 5 and 10 µm and they appear embedded as part of the 
bulk material. It is postulated that these nano-scale shards of B4C are formed due to 
the propagation and interaction of multiple closely spaced transgranular cone 
cracks within a very short time duration. These features have never before been 
reported and were present on fractured cone crack surfaces adjacent to the impact 
crater in all three B4C impact targets examined. Impact craters formed in B4C 
reported in the literature do not appear to be examined at a magnification sufficient 
to reveal these features. It appears that relatively low magnification images are 
typically taken to capture the extent of surface damage prior to sectioning the 
impact crater across the mid-point for more extensive characterisation of the sub-
surface damage features at higher magnification (e.g. (LaSalvia et al., 2007). 
However, due to their scale, thickness and orientation, it would be extremely 
difficult, if not impossible, to observe these features viewing normal to the direction 
of impact.
 117 
 
Figure 5-46 Examples of shards of B4C located on cone crack fracture surfaces adjacent to the impact 
crater. 
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5.4.2.2 Sub-surface impact damage  
 
Sectioning the sample across the mid-point of the impact crater using the procedure 
described in section 4.7.5 reveals the sub-surface impact damage shown in figure 
5-47. 
 
Figure 5-47 (a) Surface and (b) sub-surface aligned micrographs showing the dominant steep cone 
cracks and absence of damage immediately beneath the impact crater. 
Sub-surface damage is dominated by a large cone crack that propagates from the 
inner recessed crater at angles of ∼46° and ∼58˚ from the impact surface, 
suggesting that in this instance impact was not perpendicular to the surface. A layer 
of material approximately 60 µm thick directly beneath the inner impact crater has 
been removed, however, beyond this layer there is no discernable damage evident 
until a lateral crack at a depth of ~540 µm. This agrees with the absence of a 
comminuted damage zone in B4C reported by LaSalvia and co-workers (LaSalvia et 
al., 2007) (refer to section 2.5.4).!
a!
b!
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5.4.3 SiC-AlN-C 
5.4.3.1 Surface impact damage 
A SE SEM micrograph of the surface damage in SiC-AlN-C following impact at 
697m·s-1 is shown in figure 5-48. At this impact velocity, no clearly definable impact 
crater is apparent (as in B4C), instead a series of concentric ring cracks mark the 
point of impact.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-48 SEM micrographs of the surface damage in SiC-AlN-C following impact at 697 m·s-1. 
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In contrast to damage at 697 m·s-1, surface damage following impact at 712 m·s-1 
exhibits spallation of the majority of the surrounding adjacent material, revealing an 
impact crater approximately 220 µm in diameter (figure 5-49a).  Increasing the 
impact velocity further shows fragmentation and collapse of the inner crater (figure 
5-49). Closer examination of the impact crater in both these targets reveal 
fragments consisting of individual grains, highlighting the extensive level of surface 
fragmentation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-49 SEM micrographs of surface impact damage in SiC-AlN-C following impact at (a) 712 m·s-
1 and (b) 726 m·s-1. 
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Figure 5-50 Individual grains scattered across the cone crack fracture surface following impact at 712 
m·s-1. 
 
5.4.3.2 Sub-surface impact damage  
  
Figure 5-51 presents a cross-sectioned view of sub-surface impact damage through 
the crater mid-point following impact at 697 m·s-1. Due to the extent of 
fragmentation and spallation in samples impacted at 712 m·s-1 and 726 m·s-1, sub-
surface damage immediately beneath the impact craters could not be examined. 
In contrast to B4C, no dominant cone crack is present; instead a number of cone 
cracks are observed due to the retainment of material adjacent to the impact crater. 
Further, these cone cracks propagate at a much shallower angle (~20°), over half 
the angle as observed in B4C at a similar impact velocity. However, directly beneath 
the impact crater, the coalescence of micro-cracks is evident up to a depth of 
approximately 200 µm, significantly greater than that observed in B4C (figure 5-46).  
  
712 m/s 
712 m·s-1 
 122 
 
Figure 5-51 Sub-surface damage in SiC-AlN-C following impact at 697 m·s-1. Yellow arrows highlight 
the propagation of cone cracks beneath the impact crater. 
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Figure 5-52 A SEM micrograph oriented at 45˚ to simultaneously reveal the surface and sub-surface 
damage in SiC-AlN-C following impact at 697 m⋅s-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
250 µm 
697 m·s-1 
 124 
5.4.4 SiC-B4C samples  
5.4.4.1 Impact damage 
Surface damage in SiC-B4C-ZrO2 following impact at 697 m·s-1 is shown in figure 5-
53. A large impact crater between 620 - 650 µm in diameter is evident, containing a 
series of evenly spaced ring and radial cracks (figure 5-53). The corresponding sub-
surface damage could not be revealed for this sample, however, SiC-5 wt.% B4C at 
an identical impact velocity, revealing a very similar impact surface (Figure 5-54a), 
exhibiting a number of steep cone cracks in addition to an apparent area of 
concentrated microcracks (Figure 5-54b and c). A similar observation but to a lesser 
extent is also apparent in SiC-75 wt.% B4C which is dominated by a steep cone 
crack propagating between 55-54˚ from impact surface but small areas of 
concentrated microcracks adjacent to this major cone crack are also present (Figure 
5-55).  
 
Figure 5-53 SEM micrographs of the surface damage in SiC-B4C-ZrO2 following impact at 697 m·s-1 
showing the impact crater and ring and radial cracks 
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Figure 5-54 SEM micrographs showing (a) the surface damage in SiC-5 wt.% B4C following impact at 
697 m s-1 and corresponding (b and c) sub-surface damage revealing a number of cone-cracks and 
areas of concentrated microfracture. 
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Figure 5-55 SEM micrographs of sub-surface damage in SiC- 25 wt. % B4C following impact at 727 
m·s-1 showing the dominate cone crack profile and micro-cracking beneath the impact crater. 
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5.4.5 PS SIC 
5.4.5.1 Surface impact damage  
The surface damage in PS SiC following impact at 688 m·s-1 is shown in figure 5-
56. Similar to SiC-AlN-C, a large impact crater (~ 1 mm in diameter) is retained.  
Concentric ring cracks appear to intersect pores, resulting in a tortuous crack profile 
(figure 5-55c). At a higher impact velocity (749 m·s-1) a distinct, inner (~400 µm 
diameter) impact crater is formed (figure 5-57ab). Extensive fragmentation of grain-
sized fragments scattered on the surface of adjacent cone cracks is also evident 
(figure 5-51c and d).  
 
Figure 5-56 SEM micrographs showing the surface damage following impact at 688 m·s-1. Yellow 
arrows indicate pores 
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Figure 5-57 SEM micrographs showing (a) the surface damage in PS SiC following impact at 749 m·s-1 
dominated by a (b) large recessed inner impact crater and (c and d) extensive fragmentation evident 
on the adjacent cone crack fracture surfaces. 
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5.4.5.2 Sub-surface impact damage   
 
Sub-surface damage beneath PS SiC following impact at 601 m·s-1 is shown in 
figure 5-58. At this relatively low impact velocity, complete retainment of material 
adjacent to the impact crater is achieved. Examination of the material just beneath 
the surface reveals an extensive band of damage extending between 40 and 60 µm 
from the surface. This area of concentrated damage correlates to the generation of 
fine fragments evident on cone crack fracture surfaces at higher impact velocities 
(refer to figure 5-57c and d). This band of damage is interrupted by an area 
approximately 100 µm wide of reduced microcracking. This area represents the 
inner impact crater bound by a Hertzian cone crack propagating at an angle ~27˚ to 
the surface (figure 5-57e). With increasing impact velocity, the largest major 
distinguishable cone crack angle (relative to the impact surface) increases, from ~ 
27˚ at 601 m·s-1 (figure 5-59) to ~46˚ at 688 m·s-1 (figure 5-60) and finally ~60˚ at 
749 m·s-1 (figure 5-61) and are present in a larger number. Further, the highly 
concentrated damaged areas identified following impact at 601 m·s-1 (figure 5-58) 
have also been removed.  
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Figure 5-59 Sub-surface damage in PS SiC following impact at 688 m·s-1 showing the impact crater, 
removal of adjacent material and cone cracks. 
 
Figure 5-60 Oriented SEM micrographs of PS SiC following impact at 749 m·s-1 showing the extensive 
sub-surface damage profile aligned with the surface impact crater location. 
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5.4.6 A comparison of indentation and impact behaviour 
  
Table 5-5 presents a summary of the comparison between indentation and impact 
damage in each sample, with accompanied images shown in figure 5-64.  
Table 5-5 A summary of key indentation and impact damage behaviour / features in each ceramic 
sample. 
Sample 
Damage behaviour 
Indentation Impact 
B4C 
Large dominant median cracking. 
Extensive microfracture within 
compressively damaged zone.  
Closely spaced surface microcracking. 
A dominant steep cone crack. 
Little damage immediately beneath impact 
crater. 
Thin shards of B4C present on the surface 
of cone cracks adjacent to impact crater. 
SiC-AlN-C 
Extensive fragmentation concentrated 
into a hemi-spherical zone. Variable 
indentation response – material ejection 
on unloading. Shallow indentation 
damage depth 
Extensive fragmentation immediately 
beneath impact crater. Retainment of 
material adjacent to impact crater. Shallow 
cone cracks. 
SiC-B4C 
composites 
Relatively little cracking visible on 
indentation surface. 
Lateral and half-penny cracks present. 
Material largely retained within 
compressively damaged zone on 
sectioning. 
Multiple cone cracks present. Areas of 
concentrated microfracture adjacent to cone 
cracks present. 
PS SiC 
Lateral and short median cracks 
present. 
Extensive fragmentation adjacent to impact 
crater. 
Tortuous crack path propagation due to the 
effect of porosity. Multiple cone cracks 
present. 
 
The sub-surface impact-induced damage profile is shown to be characteristically 
similar between PS SiC, B4C and all SiC-B4C samples studied, typically only varying 
in the number and angle of cone cracks and density of microfracture. Whilst SiC-
AlN-C also varies in these characteristics, similar to indentation, the sub-surface 
damage behaviour is distinctly different, exhibiting an extensive network of micro-
cracks directly beneath the impact site, similar to the formation of a Mescall zone 
observed in SiC-N following impact by LaSalvia and co-workers (LaSalvia et al., 
2005) as discussed in chapter 2.5.4. At higher impact velocities a deep impact 
crater is formed, indicating that the on-set of penetration in SiC-AlN-C is governed 
by the formation, propagation and coalescence of shallow microcracks immediately 
beneath the impact crater. This observation also correlates to the concentrated 
volume of microfracture observed under indentation that is attributed to the lower 
hardness of this material.  
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Figure 5-64 A comparison of indentation and impact-induced damage in B4C, SiC-AlN-C, PS SiC, SiC-
5 wt.% B4C and SiC-75 wt.% B4C samples. Note: SiC-B4C-ZrO2, SiC-25 wt.% B4C and SiC-50 wt.% 
B4C are not presented, as sub-surface impact damage could not be revealed. 
In contrast to SiC-AlN-C, B4C and SiC-B4C samples revealed relatively little 
observable damage beneath the centre of the impact crater, instead damage is 
dominated by multiple steep cone cracks. B4C, in particular, reveals a distinct major 
cone crack, which correlates to the large dominant median crack under indentation. 
Similar to behaviour discussed under indentation (refer to page 104), it 
acknowledged that the sequence of when particular damage features forms is 
dependent on impact velocity. Thus, whilst limited damage is concentrated directly 
beneath the impact crater in SiC-B4C and B4C samples at impact velocities ∼700 
m⋅s-1, it is expected at high impact velocities a greater extent of damage would be 
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observed, similar to that of SiC-AlN-C in this study. Surface profilometry 
measurement across the mid-point of impact craters in B4C shows an increased 
recess of the inner crater with increasing velocity (figure 5-65a). In contrast to SiC-
AlN-C, under these test conditions, the limited surface and sub-surface damage 
within the inner impact crater suggests that the on-set of penetration in B4C is 
governed by the resistance to shear of the adjacent cone cracks, as schematically 
illustrated in figure 5-65b, which has previously shown to be an important 
mechanism governing the overall ballistic response. A direct comparison 
highlighting the differences in indentation and impact behaviour in B4C and SiC-AlN-
C is shown in figure 5-66.  
 
 
Figure 5-65 (a) SEM micrographs of impact damage in B4C with overlaid surface profilometry data and 
(b) accompanying simplified schematic illustrating the proposed shear failure of a cone crack as the 
mechanism governing the on-set of penetration. 
In comparison to B4C, SiC-5 wt. % B4C appears to retain concentrated regions of 
microcracking adjacent to cone cracks. A similar behaviour was also observed in PS 
SiC at a lower impact velocity (601 m⋅s-1), however with increasing velocity a 
significantly greater level of surface fragmentation was evident in PS SiC compared 
with SiC-5 wt.% B4C due to the higher inherent porosity in the sample. Although the 
sub-surface impact behaviour of SiC-5 wt.% B4C–ZrO2 was not examined, the close 
similarity between the indentation behaviour of SiC-5 wt.% B4C–ZrO2 and SiC-5 
wt.% B4C samples suggest that SiC-5 wt.% B4C–ZrO2 would also demonstrate a 
758 m⋅s-1 720 m⋅s-1 
 
a 
 
b 
 
 138 
comparable sub-surface impact response. 
 
Figure 5-66 A direct comparison of the impact (surface and sub-surface) and Vickers indentation 
damage in B4C and SiC-AlN-C. 
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Approximate impact crater depths from surface profilometry measurements as a 
function of impact velocity is shown in figure 5-67. From the limited available data, 
SiC-AlN and PS SiC both show appear to show a greater impact crater depth than 
B4C and SiC-75 wt.% B4C samples, correlating with the lower hardness, predicted 
transition velocity and greater extent of fragmentation observed around 
indentations. However it is acknowledged that due to the limited data available, 
further impact testing would be require to confirm these relationships. It is therefore 
tentatively predicted that the larger impact crater depth and extensive sub-surface 
damage present in SiC-AlN-C (and PS SiC), in addition to the lower hardness and 
predicted transition velocity values from indentation testing, would demonstrate 
inferior ballistic performance compared with B4C and SiC-B4C-ZrO2 ceramics. It is 
therefore proposed that a good ceramic armour to defeat AP threats would consists 
of high Knoop hardness and plasticity parameters, in addition to consistently high 
retainment of strength of the compressively damage material immediately beneath 
indentations. Further, under impact, relatively little damage would be concentrated 
beneath the impact crater. 
 
Figure 5-67 Impact crater depths with increasing velocity for B4C, SiC-AlN-C, PS SiC and SiC-75 wt.% 
B4C samples 
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5.5 Ballistic*performance*
This section discusses the ballistic performance results for SiC-AlN-C, B4C and SiC-
B4C-ZrO2 with correlations made to indentation and impact behaviour.  
 
V50 ballistic performance data for SiC-AlN-C, B4C and SiC-B4C-ZrO2 plotted against 
their respective areal densities (figure 5-69a) shows no correlation between the two. 
The V50 ranks SiC-B4C-ZrO2 with the highest ballistic performance (815 ± 8 m·s-1) 
followed by B4C (778 ± 8 m·s-1) and finally SiC-AlN-C (764 ± 70 m·s-1). A V50 
performance curve for each sample is provided in appendix G.  
Figure 5-69b shows that Knoop hardness at 19.62 N correlates with V50 ballistic 
performance better than Vickers hardness at the same indentation load. A similar 
observation was made by (Flinders, et al. 2005). This suggests that Knoop 
indentation, which consists of a larger proportion of plasticity contributing to the 
overall deformation response (rather than Vickers indentation that generates a 
greater extent of fracture), provides a greater correlation with ballistic performance. 
Furthermore, the estimation of HK(1 N)+”plasticity” also demonstrates a positive 
correlation with ballistic performance (figure 5-69c). Given that this parameter was 
originally derived to provide a prediction of the transition velocity, on the basis of 
these limited test data, it is suggested that the ability of a ceramic to sustain 
projectile dwell primarily governs the overall ballistic response. Therefore, the earlier 
on-set of concentrated damage immediately beneath the indenter and subsequent 
decrease in hardness of SiC-AlN-C appears to be more significant than the 
associated shallower indentation damage depth, linear increase in damage volume 
and high crack propagation resistance in determining ballistic performance in this 
test configuration and threat. Thus, the effect of the damage on hardness appears 
to be more significant than its extent.  
Compared with SiC-B4C-ZrO2 and B4C, a large variability (± 70 m·s-1) in V50 ballistic 
performance is shown by SiC-AlN-C. Interestingly, this variability correlates with the 
apparent variability in indentation behaviour observed under Vickers indentation at 
19.62 N (refer to figure 5-19), indicating that the strength and degree of 
fragmentation and ejection of the damage zone may provide an insight into the 
penetration resistance under impact. It is postulated that this variability is due to the 
inhomogeneity of AlN distribution around SiC grains, where areas that exceed the 
optimum AlN distribution required to change the fracture mode to intergranular will 
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act as defects, resulting in premature failure and possibly increased variability in 
ballistic performance. A greater degree of compositional control during powder 
processing and manufacture therefore may be required to ensure this sample can 
consistently achieve a specified level of ballistic protection.   
Whilst it is acknowledged that only the sphere–induced impact damage that forms 
initially on impact has been characterised, the lower V50 performance of SiC-AlN-C 
suggests that the initiation, propagation and coalescence of intergranular 
microcracks observed beneath the sphere-induced impact crater, is initially more 
detrimental to penetration resistance and ballistic performance than that of the 
coalescence of cone cracks formed adjacent to the impact crater in B4C and SiC-
B4C-ZrO2 ceramics. This behaviour also correlates with the greater extent of 
concentrated damage observed beneath indentations in SiC-AlN-C.  
 
Based upon the results presented, the lower V50 of SiC-AlN-C, in addition to the 
significantly greater microstructural and ballistic variability compared with other 
samples investigated, suggests that modifying the grain boundary chemistry to 
encourage intergranular fracture does not demonstrate the best potential for 
producing large, homogenous samples of consistently high ballistic performance, 
due to the lower hardness and greater extent of damage present beneath both the 
indenter and projectile, respectively. In contrast, the higher ballistic performance, 
simpler processing method and narrower ballistic and microstructural variability of 
SiC-B4C-ZrO2 appears to offer the greatest ballistic potential. However, it is 
acknowledged that for thicker ceramic tiles, the fracture behaviour of the ceramic as 
a projectile penetrates through a ceramics thickness, may provide a greater and 
more influential contribution to the penetration resistance and overall ballistic 
response, and thus SiC-AlN-C may offer greater potential within either a different 
armour configuration and/or against a different threat. Processing thicker samples 
for ballistic testing against higher penetrating threats (e.g. 14.5 x 114 AP B32 – refer 
to table 2-1) would need to be investigated to test this hypothesis. 
 
The higher Knoop hardness and predicted transition velocities of SiC-B4C 
composites, particularly SiC-50 wt. % B4C, compared with the samples ballistically 
tested in this study, suggests that these samples would demonstrate a higher level 
of ballistic performance.  Based on the approximate linear relationship between 
hardness + plasticity and ballistic performance for SiC-5 wt.% B4C, B4C and SiC-
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AlN-C ceramics, a predicted V50 for the remaining materials is presented in figure 
5-66c. For SiC-50 wt.% B4C, a predicted V50 of approximately 820 m·s-1 is obtained 
followed by SiC-5 wt.% B4C, SiC-75 wt.% B4C, SiC-25 wt.% B4C and PS SiC with 
V50 values of 815, 812, 812 and 786 m·s-1, respectively. Scale-up of SiC-B4C 
composite targets and subsequent ballistic testing would be required to confirm 
these V50 values. 
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Figure 5-68 V50 ballistic performance correlations against (a) areal density, (b) 19.62 N Knoop (K) and 
Vickers (V) hardness and (c) HK(1N) + plasticity for B4C, SiC-AlN-C and SiC-5 wt. % B4C-ZrO2 
ceramics. The open markers in (c) respresent predicted V50 values based on transition velocity values 
from indentation experiments. 
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6 Concluding remarks 
6.1 Introduction**
This section presents conclusions from the current work followed by 
recommendations for future work. 
6.2 Conclusion*from*current*work*
This study set out with the aim of investigating the information that could be 
extracted from indentation and small-scale impact experiments and subsequently 
used as screening techniques to rank the ballistic performance potential of 
candidate ceramic armour materials. The indentation and impact behaviour of eight 
armour-grade ceramics have been investigated with comparisons made (for three 
samples) with their V50 ballistic performance. This work has enabled the following 
conclusions to be drawn:   
 
• Knoop hardness at 19.62 N and predicted transition velocities correlate with 
V50 ballistic performance, further supporting the importance of high ceramic 
hardness and the propensity to sustain projectile dwell towards overall 
ballistic performance. Based on this method alone, SiC-50 wt. % B4C and 
SiC-AlN-C appear to offer the highest and lowest ballistic performance, 
respectively. 
 
• Compared with Knoop, Vickers hardness does not correlate with V50 at the 
same (19.62 N) indentation load; however the large variability in Vickers 
indentation behaviour in SiC-AlN-C does appear to correlate with the wide 
variability in V50 ballistic performance, indicating that the strength and extent 
of fragmentation and ejection of the damage zone, due to elastic recovery, 
may provide an insight into the penetration resistance offered under impact.  
 
• An attempt to semi-quantify the evolution of Vickers indentation-induced 
damage was undertaken for the first time using serial ceramographic 
polishing and micrograph alignment techniques to generate a 3D 
visualization of damage for each ceramic sample with increasing load. This 
revealed an almost linear increase in damage volume under Vickers 
indentations in SiC-AlN-C, compared with a non-linear increase in samples 
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that fracture transgranularly and exhibit a greater dominance of plasticity at 
low indentation loads.  
 
• Surface and sub-surface ballistic – relevant information at impact velocities 
correlating to the on-set of penetration (~700 m·s-1) have been extracted 
from small-scale ceramics samples. This has identified a new damage 
feature representing nano-scale shards of B4C that have been observed on 
the fracture surface of cone cracks adjacent to the impact crater in all B4C 
targets examined. It is postulated that these shards form due to the 
propagation and interaction of multiple closely spaced transgranular cone 
cracks within short time spacing, and are partly responsible for the on-set of 
penetration. 
 
• The formation, propagation and coalescence of micro-cracks directly 
beneath the impact crater in SiC-AlN-C correlates with the greater extent of 
damage beneath Vickers indentations at low loads. Despite the shallower 
angle of cone cracks and greater retention of adjacent material in SiC-AlN-C, 
the greater extent of concentrated damage immediately beneath the impact 
crater appears to be more detrimental to penetration and ballistic 
performance than steep cone cracks in B4C and SiC-B4C ceramics.  
 
• Despite the shallow indentation damage depth and high crack propagation 
resistance of SiC-AlN-C, the early on-set of concentrated damage beneath 
indentation (and impact), resulting in a decrease in hardness, appears to be 
the more dominate factor governing the low ballistic performance of this 
material. In addition to the greater indentation and ballistic performance 
variability, SiC-AlN-C therefore does not appear to offer the greatest 
potential towards manufacturing large, homogenous samples of consistently 
high ballistic performance against an AP projectile. In contrast, the high 
hardness, plasticity and strength of the sub-surface damage zone in SiC-50 
wt.% B4C, the absence of damage beneath the impact crater in SiC-25 wt.% 
B4C, the small impact crater depth in SiC-75 wt.% B4C, in addition to the 
superior ballistic performance of SiC-B4C-ZrO2, suggests that SiC-B4C 
composites offer the greatest ballistic performance potential of the materials 
studied. 
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In summary, the above conclusions highlight the ballistic-relevant information 
that can be extracted from small-scale novel ceramics samples using 
indentation and impact testing. In addition, this work provides further evidence to 
support the use of indentation testing for ceramic armour development, laying 
the foundations for use as a screening technique to rank the ballistic 
performance potential of candidate ceramic armour materials.     
6.3 Recommendations*for*future*work*
The range of work covered in this thesis has identified a number of different 
avenues for further research. These include: 
 
• Manufacture and ballistically test (V50) 60 mm Ø SPS samples of each SiC 
–B4C composition to investigate if a positive correlation of ballistic 
performance to HK(19.62 N) and ‘HK(0.98 N) + plasticity’ is maintained. This 
would further strengthen the relationship between hardness/plasticity and 
ballistic performance. 
 
• Manufacture and ballistically test (V50) samples of varying but greater 
thicknesses used in the current study (i.e. 6, 7, 8, 9 mm) against a higher 
threat level (e.g.14.5 x 114 AP B32). Examine the results to identify if there 
exists a critical thickness where the slower propagation of damage or rate of 
penetration of SiC-AlN-C exhibits a greater influence to overall ballistic 
performance (relative to performance against a small-calibre projectile in this 
study) that may offset the lower transition velocity and possibly offer superior 
ballistic performance than a transgranular fracturing sample. This would help 
identify the effect and importance of fracture mode on ballistic performance 
with increasing sample thickness.  
 
• Measure and compare the impact crater depths at increasing velocities in an 
attempt to identify a relationship between the evolution and sensitivity of 
sub-surface damage and the on-set penetration. This would help investigate 
whether the depth of impact craters progressively increases, or if there 
exists a sudden increase in penetration depth at a particular impact velocity 
or extent/type of damage (e.g. the apparent formation of shards observed in 
B4C in this study).  
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• Investigate what affect the ZrO2 addition has in SiC-B4C composites on the 
evolution of indentation and impact-induced damage and whether SiC-B4C-
ZrO2 demonstrated better ballistic performance that SiC with a similar areal 
density.      
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Appendix B 
 
Ceramic polishing procedures used for serial and cross sectioning indentations.  
 
Cross-sectioning  
 
 Surface  Suspension type  Load Time (s) / comments 
Grinding  20 µm Water 
Applied 
by hand 
Until indentation tip is 
reached 
Polishing  MD-Pan 9 µm Dia Pro Plan Until indentation mid-point is 
reached 
MD-Pan 6 µm Dia Pro Plan ∼30 
MD-Pan 3 µm Dia Pro Plan ∼30 
MD-Pan 1 µm Dia Pro Plan ∼30 
 
 
Serial sectioning  
 
 Surface  Suspension type  Load Time (s)  
Polishing  MD-Pan 3 µm Dia Pro Plan Applied 
by hand 
∼15 
MD-Pan 1 µm Dia Pro Plan ∼15 
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Appendix C 
 
A technical drawing of the sabot used for ballistic impact tests. 
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Specification of ball bearings using in impact tests. Data from Dejay Distribution Ltd.  
 
Stainless steel (440-C) Composition Mechanical properties 
Carbon 0.95-1.2 %  
Chromium  16-18 %  
Hardness  58-60 Rockwell ‘C’ 
Density lbs ⋅ln-3  0.28 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Surface impact damage micrographs for each sample and test. 
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Appendix D 
 
High magnification BS SEM micrographs of polished surface of each ceramic.  
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A
ppendix E 
R
eflected light m
icrographs of 19.62 N
 V
ickers indentation dam
age at increasing depths in each sam
ple.  
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Appendix F 
 
V50 ballistic performance curves for SiC-AlN-C, B4C and SiC-5 wt.% B4C-ZrO2.  
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